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SUMMARY

The ASTM "Standard Specification for Aviation Turbine Fuels" (ASTM
D-1655) defines acceptable limits for many properties of turbine engine
fuel for civilian use. luelu satisfying these limits will have characteris-
tics acceptable to curren. gas turbine combustors. In particular,
desirable combustion characteristics are assured by bounding the aromatic
and naphthalenic hydrocarbon contents and the smoke point. Previous
studies have been conducted in an attempt to identify which of these
properties (or others) influence the performance, emissions and heat load
of the combustor. Fuel hydrogen content, which is not a specification
parameter, has been cited as a global indicator of fuel effects. These
earlier studies, however, did not purposefully emphasize the fuel chemical
properties; the combined influence of both physical and chemical properties
was likely observed. Additionally, the burners were not always representa-
tive of current aircraft practice and the range of fuel properties studied
was often limited.

In an attempt to rigorously study the fuel chemical property influence,
UTRC, under contract to NASA Lewis Research Center, has conducted an
experimental program using 25 test fuels. The burner was a 12.7-cm dia
cylindrical device consisting of six sheet metal louvers. A single
pressure-atomizing injector and air swirler were centrally mounted within
the conical dome. Fuel physical properties were de—emphasized by using
fuel injectors which prcduced highly-atomized, and hence rapidly-vaporizing
sprays. A substantial fuel spray characterization effort was conducted to
allow selection of nozzles which assured that such sprays were achieved for
all fuels. The fuels were specified to cover the following wide ranges of
chemical properties: hydrogen, 9.1 to 15 (wt) pct; total aromatics, O to
100 (vol) pct; and naphthalene, 0 to 30 (vol) pct. They included standard
fuels (e.g., Jet A, JP4), specialty products (e.g., decalin, xylene tower
bottoms) and special fuel blends. Included in this latter group were six,
4-component blends prepared to achieve parametric variations in fuel
hydrogen, total aromatics and naphthalene contents.

Two test phases were conducted. First, fuel-effects tests were
performed during which data were acquired for all 25 test fuels using a
single burner configuration. Second, ccnfiguration-effects tests were
performed using three fuels and two additional burner configurations which
produced either higher or lower primary zone equivalence ratios than
achieved with the fuel-effects configuration. Covbustor heat load was
docurented by full-hemispherical-sensing radiomecera mounted on the dome
and by 39 liner thermocouples. Three narrow-angle radiometers mounted on
the combustor case were used to sense shifts in the axial distribution of
radiation. Arrays of thermocouples and sampling probes at the combustor
exit were used to document the temperature pattern factor, and to acquire
gaseous and particulate specie samples. The characteristic particle size
and number density of the exhaust soot on the combustor centerline were
determined by an optical technique which interpreted scattered lignt
signals according to Mie theory. All data were acquired at a single
airflow condition which simulated high-power operation of a gas turbine
combustor--namely, combustor pressure = 1,3 MPa and inlet air temperature =
700K. Each test fuel was combusted at 3 fuel-air ratios which were
specified to achieve combustor exit temperatures of 1246K, 1346K and 1473K.
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Repetitive data points were acquired to determine the statistical
consistency of the measurements.

The combustor operated in a consistent manner for all tests. Combtus-
tion efficiencies greater than 99.9 pct were always achieved; the exit
temperature pattern factor was typically less than 0.15. The output from
the case-mounted radiometers indicated that for each test condition, the
reaction zone structure was not signi‘icantly altered by any of the test
fuels. Hence all fuels were similarly atomized and distributed in the
burner. For every fuel, both exhaust smoke number and particle number
density decreased with increasing combustor fuel-air ratio (increasing
exit temperature), while the characteristic particle size remained con-
stant. Indeed, the particle size was also independent of fuel properties;
the indicated size was aiways 0.22 + 0.02 ym. The smoke number/number
density trends indicated that the soot oxidation mechanism dominated the
overall process of soot production. That is, despite an increasingly
fuel-rich primary zone at higher overall fuel-air ratios, lower levels of
exhaust soot were produced because of enhanced oxidation at higher exit
temperatures. These consistent trends also revealed a correlation between
smoke number and soot number density.

The principle influence of fuel chemical properties on the combustor
behavior were reflected by the radiation, liner temperature and erhaust
Smoke number (or equivalently, soot number density) data. The measured
dome radiative heat transfer rates appear to correlate well with fuel
hydrogen content. Used in this manner, however, the hydrogen content is a
global indicator of the fuel property influence since it is accompanied by
variations in total aromatics and naphthalenes. Results from tests with
fuels which offered parametric variations in hydrogen, total aromatics and
naphthalenes indicated that naphchalene content strongly influenced the
radiative heat load while parametric variations in total aromatics did not.
The hydrogen parametric test results indicated that, in a pure sense,
hydrogen content does not influence radiation load; only in a global sense
(i.e., with variations of hydrocarbon molecular structure) is a hydrogen
influence observed. Regression analyses were performed on data from tests
with all fuels in an attempt to identify the individual influences of the
chemical properties. These analyses confirmed the importance of
naphthalenz content; a regression parameter containing both hydrogen and
naphthalene content tracked the data significantly be%ter than a parameter
containing b drogen content alone. For the range of chemical properties
encompassed b, Jet-A and ERBS, both the hydrogen and the naphthalene
content variations would contribute similarly to a variation in radiative
heat lnad. It was also observed that fuel smoke point correlated the datsa
as well as the two-property paramecer. Hence smoke point, an existing fuel
specification parameter, appears to be an adequate global indicator of fuel
chemical property influences. Similar fuel effects were also observed for
liner temperature rise and exhaust smoke number.

The configuration-effects test results indicated that the fuel concen-
tration pattern in the primary zone of the combustor strougly influenced
the soot levels produced, and therefore also the radiative heat load.

Since the fuel oxidiation is controlled by a turbulent diffusion flame
structure, the global value of primary zome equivalence ratio (¢ ) does not
always properly represent the important features of this region.® Data
indicated that particulate radiation heat loads on the combustor dome could
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be constant despite ¢ values ranging from 1.Z to 1.6 if fuel concentration
patterns were invariant,
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Aviaiion-Fuel Property Effects on Combustion

SECTION I - INTRODUCTIC

Aviation gas turbine engines combust high quality fuel. The principle
fuels for either commercial service, Jet A, or for military service, JP4
and JP5, were developed to possess excellent combustion characteristics
wvhile offering appropriate considerations for ease of ignition, safe
handling and low-temperature fluidity. These fuels have attractive energy
densities, atomize and vaporize readily, and burn completely in the time
and tempersture environment found ’u gas turbine combustors. The jet fuel
specification assures obtaining this performance by controlling several key
physical and chemical properties. The eriginal spec-fication was estab-
lished to obtain these features while assuring adequate supplies of
reasonably-priced fuel derived from domestic petroleum reserves. The
availability of domestic crude oil has continuously decreased in recent
time, however, forcing an increase in the quantity of petroleum imported to
the U.S. 1In the last decade, the cost and availability of such imports has
not been stable. The oil embargo of the early 1970's threatened adequate
availability of petroleum in the U.S., and the subsequent production/
pricing practices of OPEC countries have caused dramatic increases in the
cost of petroleum products. Gas turbine users have experienc2d more chan
a four~fold increase in unit fuel costs.

Substantial increases in gas turbine engine operating expenses have
placed a premium on developing aircraft gas turbine systems which can
offset the fuel cost burden. Two basic, although not mutually exclusive,
approaches could .= pursued: develop more fuel efficient systems or develop
more fuel tolerant systems. The former approach is obvious and is likely a
desirable goal for any level of fuel cost. The latter approach would
attempt to use less costly fuel without sacrificing the performance or
endurance of the gas turbine engine. It is possible that existing systems,
with or without minor retrofit, could be qualified on less expensive
fuels. Of course, the fuel cost is not represented by the fuel production
cost alone. Fuel handling requirements, fuel system alterations, airframe
modifications and gas turbine hot section (combustor and turbine)
deterioration associated with the use of an alternative fuel represent
costs which must also be considered.

One part of an overall evaluation of a fuel tolerant system is an
investigation of the influence of fuel properties on the performance, emis-
sions and heat rejection of a gas turbine combustor. Since 1975 numerous
investigations have been conducted (Refs. 1 through 11) to quantify such
influences. The studies have used laboratory model combustors, full engine
hardware, actual fuel, hydrocarbon specialty products (i.e., solvents) and
blends of these two material classes. Such efforts have identified areas
which would likely be affected by changing fuel properties. For example,
liner temperatures, exhaust smoke emissions and low power (idle) emissions
are three parameters often cited as being influenced by fuel properties.
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Unfortunately, the fuel variations studied have resulted in simultane-
ous changes in the physical and chemical properties. These two types of
properties ' ould be expected to influence different processes within a gas
turbine combustor. Physical properties (specific gravity, viscosity and
surface tension) would predominantly affect the fuel atomization process,
and hence alter the distribution and rate of vaporization of the fuel.
Chewical properties (hydrogen, aromatic or naphthalene content) would
influence the fuel oxidation process, altering the type, concentration and
rate of consumption of chemical species within and exiting the combustor.
Depending on the dominant mechanisms withir the burner, changes in the
fuel, may or may not produce an interpretable change in a parameter of
interest.

For example, if in an attempt to investigate high fuel aromatic
content, the surface tension also significantly increased, it may not be
possible to separate the multiple effects of these changes and correctly
interpret the data. That is, high aromatic content alone may promote
greater .oncentrations of carbon and hence higher liner temperatures
because of increased flame radiation. Alternatively, the increased surface
tension could degrade the fuel atomization and distribution, producing
locally fuel-rich regions which could similarly could result in high liner
temperatures. Clearly there was a need for an investigation which
attempted to separate the influence of fuel physical property variations
from those of chemical property variatiomns.

United Technologies Research Center has conducted an experimental
program under contract to NASA-Lewis Research Center (NAS3-23147) to inves-
tigate the influence of fuel chemical properties on the performance, emis-
sions, and heat load on a gas turbine combustor. Fuel physical properties
were de-emphasized by using injectors capable of achieving highly-atomized,
and hence rapidly-vaporizing fuel sprays for each of twenty-five test
fuels. The fuels were specified to cover wide ranges in fuel hydrogen,
total aromatic and naphthalene content; a limited number of fuels were
blended to achieve parametric variations of these properties. Two types of
combustion tests were performed. First, fuel-effects combustion tests were
performed with a constant burner design at a simulated high-power gas
turbine operating condition using all 25 test fuels. Second,
configuration-effects combustion tests were performed with burners designed
to produce either higher or lower primary zone equivalence ratios than the
baseline design. Combustor airflow calibration and fuel spray
characterization studies supplemented the combustion tests.

This document reports the results of this investigation. Section II
describes the selection and analysis of the test fuels, while the design
and calibrstion of the combustor is detailed in Section III. The exten-
sive fuel spray characterization effort is described in Section IV,
Sections V and VI deecribe the combustor test facility and instrumentation,
and the test condition, procedures and data handling, respectively. The
results of the fuel-property-effects testing are presented and discussed in
Section VII, with configuration-effects results contaired in Section VIII,
Conclusions and recommendations are listed in Section IX.




+

SECTION II TEST FUELS

The ASTM standard specification (ASTHM D-1655) defines acceptable
limits for many properties of turbine engine fuel for civilian use. Fuels
satisfying these limits will have fluidity, compatibility, cleanliness,
stability, volatility and combustability characteristics acceptable to cur-
rent gas turbine combustors. Fuel combustability is assured by bounding
the aromatic and naphthalene contents and the smoke point. Hydrogen
content is mot a fuel specification paramter. However, many previous
studies have determine.d that the results of changing fuel chemical proper-
ties correlate with the fuel hydrogen content. Therefore, in this investi-
gation attention was focused on the fuel chemical composition as represen-
ted by the hydrogen, total aromatics ard naphthalene contents. The smoke
point was not considered to be a fundamental parameter but rather resulted
from tl.e hydrocarbon mix of the fuel. It mey therefore be a desirable
global indicator of the fuel chemical properties. Indeed, the three
chemical property classes-hydrogen, total aromatics and naphthalenes—-were
also gross parameters of the fuel. Obviously, hydrogen content alone does
not specify the type of hydrocarbon molecules contained in the fuel.
Similarly, "total aromatics" and "naphthalenes' do not pinpoint the type of
aromatics, etc. As reflected by the ASTM specification it has been assumed
that the three major property classifications selected dominate the
combustion characteristics and hence are the proper ones for evaluation.
The twenty-five test fuels were selected to provide wide ranges of
variation in these properites, with hydrogen contents from 9.1 to 15.0 (wt)
percent, total aromatics contents from 0.0 to 100.0 (vol) percent, and
naphthalene contents from 0.0 to 29.7 (vol) percent. Table I provides a
list of the fuels and these chemical properties as determined from analyses
described below. This section of the report describes the test fuels and
presents the results of extensive analyses performed on each.

Fuel Description

The test fuels could be divided into three general categories: common
fuels, specialty products and blends of these two categories. The common
fuels and speciality products were specified by NASA; UTRC collaborated
with NASA to specify the blends.

Common Fuels

Four of the test fuels were products commonly used in gas turbine
combustors: Jet A, JP4, JP5 and JP7. Each of these was a high-quality,
petroleum-derived fuel produced in accordance with ASTM and USAF specifica-
tions. Four additional fuels within this category were: ERBS, JP4-§S,
JP4~A and DF2, ERBS (Experimental Referee Broad Specification) fuel
evolved from a NASA-directed workshop on alternative hydrocarbon fuels
(Ref. 11). Unlike must fuel specifications, which place upper limits on
certain chemical properties, a single level (and tolerance) of hydrogen
content is epecified for ERBS. This approach minimizes the chemical
property varistion of subsequent batches of ERBS production; it has become



a standard fuel for NASA-sponsored fuel effects investigations. JP4-S was
a JP4 specification product derived from oil shale resources. JP4-A, like
JP4, was a petroleum-derived fuel satisfying the USAF specification, but
it had a high zromatic content. That is, while most JP4 fuel contaims 16
to 18 (vol) percent aromatics, JP4-A contained 23 (vol) percent which is
n~ar the specification maximum of 25 (vol) percent. The DF2 fvel was a
better quality No. 2 fuel oil.

Specialty Products

In order to extend the ranges of the chemical properties of interest,
six of the test fuels were specialty products: decalin, tetralin, xylene
tower bottouws (XTB), blending stock (BLS), Gulf Mineral Scal 0il (GMSO) and
UTRC1. Many of these products have also been used in other combustor fuel
effects evaluations. Both decalin and tetralin were pure, double ring
hyérocarbon solvents procurred from E. I. duPont de Nemours. Decalin is a
product of the complete hydrogenation of naphthalene to naphthene.

Tetralin results from partial hydrogenation of naphthalene to result in a
fused, double 6-carbon ring structure, with one ring being saturated and
the other unsaturated. Hence while decalin retains no aromatic quality,
chemical analysis would classify tetralin as fully aromatic. XTB comsisted
of various single-ring aromatic compounds (alkylbenzenes) while GMSO was a
relatively high final boiling point o0il consisting mostly of normal and
monocyclic paraffins. BLS was a mixture of XTB and a gas oil that NASA had
obtained to use for modification of fuel properties, and contained substan-
tial single-ring and double-ring aromatic compounds. UTRCl was a commer-
cial solvent, EXXON Isopar M, chosen by UTRC to meet the NASA requirements
for a high hydrogen content fuel void of aromatic compounds.

Fuel Blends

Eleven of the test fuels were blends of common fuels and specialty
products. Of these, five were prepared to provide chemical property levels
between those offered by other test fuels. For these, as for the common
fuels and specialty products, simultaneous variation ir hydrogen, total
aromatics and naphthalene contents resulted. Six of the blends were spe-
cially prepared, however, to avoid this multiple variation. That is, two
fuels were blended to achieve parametric varistions in either hydrogen,
total aromatics or naphthalene content.

The five fuels prepared to provide blends with additional chemical
properties were: AFAPL2, AFAPL6, ERBLS1, ERBLS2, ERBLS3., The first two
fuels were supplied by the Air Force Aero Propulsion Laboratory, WPAFB, and
consisted of JP4, XTB and A~400 solvent and JP5, DF2 and A-400 solvent,
respectively. (A400 is an aromatic solvent containing approximately 50
percent naphthalenes.) Both of these fuels have been used in fuel effects
evaluations of gas turbine afterburners (Ref. 13). The latter three blends
were diffent volume mixtures of ERBS and BLS; these fuels were blended by
UTRC.

It was desired to evaluate test fuels which allowed parametric varia-
tions of fuel hydrogen, total aromatics and naphthalene contents. Such

LI
'y
-

— e — e ———— R\ = —— " A . B P S e o e T s



IFL

FYR

variations were not easily achieved because alterations in any one property
would normally affect one or both of the other chemical classes. Hence
parametric variation of tiie properties of interest were obtained by substi-
tuting one type of compcund for another from the same general class. For
example, use of decalin in lieu of UTRCl (i.e., EXXON Isopar M) would not
change the total aromatics or naphthalene content of a blend, but would
reduce the hydrogen content. The mix of saturated hydrocarbons would be
altered, however, with a greater fraction of cycloparaffins being present
with use of decalin, and a greater fraction of normal paraffins present
with use of UTRCl. Only by careful selection of the fuel blend components
were parametric variations achieved.

The specification for the parametric variation blends resulted from ar
extensive computer screening exercise. That is, recognizing that such
fuels would result only from blends of several components, a computer
program was written which, given the chemical properties of potential com-
ponents, evaluated all possible combinations. Ten potential blending
components were identified, with samples of each analyzed to provide
consistent chemical property data, see Table 2. (Each of these components
has been previously described except for the Methyl-naphthalene fraction.
This solvent is a fully aromatic liquid with a very high naphthalene
contenv.) The final blend was limited to four components. Goal levels for
hydrogen, total aromatics and naphthalenes (and allowable tolerances) were
input to the computer code which analyzed 4-component permutations of the
ten candidates. The component volume fractions were incremented by 5
percent in successive evaluations, resulting in approximately 372,000
"computer blends".

Three~point parametritc variations in hydrogen, total aromatics and
naphthalenes contents were sought, based upon two fuel blends departing
from a conmon fuel (e.g., ERBS). The results of the computer bleunding
exercise indicated that meaningful three-point variations could not be
achieved for hydrogen or aromatics, however, because the constraiats
imposed by the other two properties prohibited significant independent
variation. As an alternative, a pair of 2-point variations in hydrogen and
total aromatics (i.e., two base fuels) were determined. The compositions
of the parametric blends are listed in Table 3 with the results of analyses
to determine the blend chemical properties. The parametric variations
achieved were identical to those predicted by the computer blending code
(within the chemical analysis uncertainties) and represented the greatest
variation that could be expected using the ten candidate components.

The three ERBS/BLS and six parametric blends were prepared by UTRC.
The volume fraction specifications were translated to mass fractions and a
shipping scale used to weigh the quantity of each component pumped into a
1000 liter mixing tank. The entire batch of each blend was mixed by
pumping the fuel out of one end of the tank and into the other; the circu-
lation time was sufficient to displace the blend volume at least ten times.
The fuel was subsequently pumped from the mixing tank into drums; the
mixing tank was then cleansed with the major constituent of the next blend
to be prepared.



Fuel Analysis

A sample of each test fuel was analyzed by Southwest Research Insti-
tute in accordance with the properties and procedures indicated in Table 4.
The results of these analyses are presented in Table 5. The levels of
total aromatics and naphthalenes presented for any fuel (or blending
component) were obtained from mass spectrometric amalysis. All
hydrocarbons contained in the aromatic fraction of the sample contributed
to the "total aromatics" level. The naphthaiene compounds were assumed to
include the acenaphthenes (C H ) and acenaphthalene (C H,
hydrocarbons. The volume frac%xon values were determined ¥ rOm %ge reported
mass fraction data and the following assigned specific gravity values:

Hydrocarbon Type Specific Gravity

normal-paraffins 0.75
cyclo-paraffins 0.81
alkylbenzenes 0.87
indans and tetralins 0.93
indenes 1.00
naphthalenes 1.00
tricyclic aromatics 1.28

The type of hydrocarbon species in the fuel was independently
determined from more than one analysis. The mass spectrometric analysis
(ASTM D2425) separated the fuel into twelve classes while the fluorescent
indicator adsorption (FIA, ASTM DI13!9) technique reported only on three
general classes (saturates, olefins, total aromatics). The FIA was
supplemented with the ultraviolet spectrophotometric technique (ASTM 1840)
to determine naphthalene content. A comparison of the total aromatics and
naphthalene contents obcsined by two techniques is shown in Figs. 1 and 2,
respectively. The mass spectrometry and FIA results for aromatics agreed
remarkably well considering the wide range covered and the general
acknowledgement that the FIA technique can be inaccurate for high aromatic
levels. The two techniques did not correlate well only for BLS. The
agreement with naphthalene analyses was poorer, with a substantial
underprediction by the UV technique. This result was not surprising ac
this method is strictly applicable to fuels containing only up to 5 percent
naphthalene; reasonable agreement was obtajted to this level. The data in
Fig. 2 again indicated that an analysis of BLS was questionable. In
particular, it appeared that the mass spectrometric data were in error
because the naphthalene content measured was less than obtained for the
ERBLS3 blend (41 pct ERBS, 59 pct BLS).

The BLS analysis error was probably introduced by the the saturates-
aromatics separation step of the mass spectrometric analysis. That is, the
techngiuve requires that the fuel sample be chemically separated into these
two fractions, with each one being individually amalyzed. The properties
of the entire sample are determined by numerically weighting the fractional
analysis by the percent of total mass represented by the fraction. After
separation, the mass of the fractionz ought to be equal to the original
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sample mass. For most fuels, this comservation was obtained to over 98
percent., For BLS however the sum equaled only 85 percent. Clearly, the
particular hydrocarbon mix of BLSf did not separate into the saturates-
aromatics fractions well and some compounds were lost to the separation
solvent. This problem really stemmed from attempting to use analysis
techniques beyond their intended range of applicability; however, efficient
alternatives do not exist.

The levels of aromatics and napthalenes for BLS were determined fromw
the values obtained for ERBS, and the three ERBS-BLS blends. Since the
same fuels were used to prepare the blends, their properties ought to
represent linear combinations of ERBS and BLS values. The property values
for BLS were calculated from these blends, and it was concluded that the
appropriate levels of aromatics and napthalenes for BLS were 76.0 and 29.7
(vol) percent, respectively. These levels, shown atc corrected levels on
Figs. 1 and 2, were used in test data analysis.

(35)\
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SECTION III - GENERIC GAS TURBINE COMBUSTOR

A model combustor was designed, fabricated and tested, which embodied
the features of a gas turbine burner. This section of the report descrites
both the burner, specifying its geometry and expected performance, and

calibration tests which were performed to document the burner airflow dis-
tribution,

Combustor Description

A combustor embodying the features of a gas turbine burner was
designed and fabricated. That is, it was a high heat release device, with
a strong swirling-recirculating flow structure at the frout end (i.e.,
primary zone) followed by penetrating jets of air to gradually reduce the
local fuel-air ratio, and hence gas temperature, to levels acceptable to a
turbine. Design guidelines were established for both the geometry and per-
formance of the burner. These were:

Geometry: (1) cylindrical burner with maximum axisymmetry
(2) burner diameter between 10 and 15 cm
(3) burner must permit meaningful changes in the
primary zone fuel-air ratio
Performance: (1) combustion efficiency > 99 percent
(2) total pressure loss < 8 percent
(3) combustor exit pattern factor < 0.3
(4) liner temperatures consistent with current
aircraft practice

The primary variable investigated in the program was fuel chemical
properties; a single airflow test condition was used. Hence, the perfor-

mance guidelines applied only :0 the following simulated high-power
condition:

combustor upstream pressure: 1.3 MPa
combustor inlet temperature: 700K
combustor overall fuel-air ratio: 0.015, 0.018, 0.022

Strictly, the fuel-air ratios applied only for operation on Jet A fuel; for
other fuels, the fuel-air ratios were to be specified at the levels

required to produce ideal combustor exit temperatures equal to those for
Jet A.

Considerations of these guidelines led to specifying a louver-cooled,
cylindrical burner with &n inside diameter of 12.7 em (Fig. 3). 1t con-
sisted of a dome constructed from a frustrum of a 90 deg cone and six,
conventional sheet-metal louvers; the overall length was 41.1 cm. A flange
on the dome was provided to mount a central fuel injector-swirler combina-
tion; the dome also had penetrations for a spark igniter and two transpira-
tion radiometers (See Section V). The dome cooling air was admitted
through four rows of equally-spaced holes, and each louver was fed by a
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ring of equally-spaced holes. Four of the louvers contained six large
holes to admit combustion air to the burner; these holes represented the
greatest deviation from axisymmetry. The number and diameter of all
combustor holes are listed in Table 6.

The combustor liner described above was the baseline configuration
used in the fuel-effects combustion tests. A limited number of tests were
conducted to determine the influence of a different primary zone
equivalence ratio for a constant overall fuel-air ratio. These tests
labeled "Configuration-Effects” tests, were accomplished by using either of
two modifications to this baseline burner. For tests in which a leaner
primary zone was desired, the combustion air holes in the first louver were
opened to a diameter of 18.0 mm while the holes in louver 5 were blocked.
This alteration kept the total open area constant while permitting
additional air to be entrained into the primary zone. For tests in which a
richer primary zone was desired, the diameter of the holes in the first
louver was reduced to 6.4 mm while the holes in louver 5 were opened to
14.2 mm. Again, the total open area remsined constant but a reduced
airflow was available to the primary zone. The level of airflow associated
with the primary zone was determined by a carbon dioxide tracer technique
for the baseline configuration and extended to apply to the two modified
burners. This technique and the results are described telow in the
subsection entitled Combustion Calibration.

The twenty five test fuels provided a wide range of both chemical and

physical properties. In order to eliminate the influence of the physical
properties on combustion, highly-atomized, and hence rapidly-vaporizing,
fuel sprays had to be achieved. Recognizing that atomization quality
deterioration can be offset by proper mnozzle selection (i.e., capacity),
a family of fuel injectors was sought. In particular, pressure atomizing
injectors produced by Hago Manufacturing Inc. were used (Fig. 4a). All
injectors produced hollow cone sprays with a rated included cone angle of
80 deg. The nozzle size used with each test fuel wss determined from the
spray characterization data described in Section 1IV.

An air swirler encircling the fuel n_zzle provided the swirl neces-
sary to assure stable combustor operation. The device enhanced fuel-air
mixing and distribution and established the recirculating primary zone
flowfield. The swirler used was a commercially available device developed
by Pratt & Whitney Aircraft for the JT 12 combustor (Fig. 4b). It
embodies both the primary air swirler and the nozzle nut. The swirler-
injector combination mounted in a flange on the dome of the combustor; an
annular clamp ring assured proper positioning and sealing.

The performance of the burner was evaluated to assure operation within
the design guidelines. As originally planned, a combustor total airflow of
2.0 kg/s would be used, which would produce a liner pressure loss of 2.0
pct and a reference velocity (based on the combustor diameter and approach
airflow density) of 25.4 m/s. (The actual airflow was reduced during
shakedown testing to 1.8 m/s because of test facility limitations, which
thereby reduced these levels to 1.6 percent and 23 m/s, respectively.) The
stability and combustion efficiency characteristics were predicted
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following the techniques of Odgers and Carrier (Ref. 14) with the
efficiency re-affirmed by considering the cacvon monoxide emissions
according to Mellor (Ref. 15).
be very stable and to operate at combustion efficiencies greater than 99
percent. The level of penetration of the combustion air jets was also
evaluated using the correlation presented by Abromovich (Ref. 16).
Predicted penetration distances were similar to those achieved in a
comparative commercial gas turbine combustor, indicating that a vigorous
mixing of these jets and the bulk flow was likely; a low pattern factor
was expected.

In all cases, the burner was predicted to

Combustor Calibration

Combustor calibration tests were performed to document the distribu-
tion of liner airflow. Data wer
area (i.e., discharge coefficient * geometric area, CDA) of the holes at
each axial station and the percentage of total airflow involved with the

primary zone.

e acquired to calculate both the effective

This information was necessary to describe the gross

variations in fuel-air ratio occurring within the burner. In particular,
the primary-zone airflow split was necessary to calculate the equivalence
ratio in this critical section of the combustor.

Effective Area Tests

As a first step in defining the combustor airflow distributio. K the

effective area of the liner holes at each axial section--i.e., dome, louver

1 cooling, louver 1 combustion air, etc--was determined. These data were
obtained from tests performed in the UTRC Jet Burnmer Test Stand (JBTS)
using the setup depicted in Fig. 5. All liner holes except those at the
position of interest were taped closed. The liner was mounted in the test
section, with this assembly mated to the normal upstream facility
components (see Section V for a complete facility description). The liner
exit was completely open to the test cell. High pressure, dry #ir was
supplied to the JBTS and metered with a venturi sized to operate choked.

The airflow pressure and temperature upstream and pressure at the throat of

the venturi

acquire data at liner pressure losses of approximately 1, 2, and 3 percent.

were measured. A board of water manometers was used to record
the pressure drop across the liner. Three levels of airflow were used to

The effective area was calculated for each airflow according to:

vhere WA =
DPL =
PB =
TA =
R =

WA

CD

air mass flow

A= fz*(PB+DPL)*DPL/R/TA]}2

measured liner differential pressure

barometric pressure
air temperature
gas constant

The three values of CDA were plotted, with the value corresponding to a
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combustor-equivalent flow parameter identified. In fact, since the combus-
tor airflow Mach number was low for all tests, the effective area did not
significantly vary with airflow rate. The selected effective areas are
listed in Table 7. Also shown are levels obtained in separate tests fo-
the swirler CDA and for the total liner. The sum of the individual station
CDA matched the liner total to within the estimated uncertainty of + 3 pct.
The sectional values were adjusted to match the measured total liner CDA as
indicated in the table.

Primary Airflow Study

The combustor primary zone is a region of high heat release which is
largely responsible for burner stability, efficiency and exhaust emissions.
The effectiveness of this zone is closely associated with the primary zone
equivalence ratio, ¢_. However, calculation of ¢_is not straight-f-rward
as the course of somb airflows which penetrate thePliner is unknown. That
is, while the airflows admitted by the swirler and dome would clearly
participate in this zone, it was not certain what percentage of the louver
1 combustion air would be entrained into the recirculating flow. In an
attempt to clarify this situation, a carbon dioxide (COZ) tracer gas was
used tn identify the primary zone flow.

The primary zone airflow tests used a test setup similar to that
described above for CDA determiration. That is, a metered airflow was
delivered to a combustor liner mounted in the test section; the combustor
exit was open to the test cell. All liner holes were open and a normal
fuel nozzle-swirler combination was mounted on the dome. The fuel nozzle
was a Hago device which haa been modified by opening the internal flow
passages and adding a l-cm long, closed-end extension tube on its face.

The tube had eight orifices distributed along its surface vhich permitted
injection of CO, gas into the surrounding swirling airflow. During
testing, the to%al airflow was set to match the flow parameter for the
combustion tests, and a metered flow of CO, was injected into the primary
zone. Gas samples were extracted using a multiple—point probe constructed
from thirteen, 3.2 mm OD, equal length tubes (Fig. 6). The tubes were
manifolded into two sets: Set one included the outer six and the central
tube; set two contained the six tubes on the inner circle. The position of
the probe assembly was identified by the axial and angular positions of the
probe tip. Samples were obtained at axial intervals of 1.2 cm at the head
end of the combustor, and for angular orientations which placed the sample
tubes in line with or between the six, large combustion air holes in the
first louver. Samples from either set were analyzed for CO, concentrations
using a Reckman NDIR analyzer. Airflow splits (i.e., perceiit of the total
airflow) were calculated from the local CO2 concentration according to:

WAL _ o % WCO2 (. 1 _,
WA WA XCOy

wvhere WAL = local air mass flow associated with sample

WA = total wetered air massflow
WCO2 = total metered CO2 mass flow
11
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Xco

2 fractional molar concentration of CO, in sample
K

constant accounting for species molecular weights

Since only the total flowrate of air and CO, are metered, this tracer gas
approach yielded quantitative information only if the region being
investigated was well-mixed. A data consistency test was performed using a
liner with all holes closed except those on the dome. The CO, concentra-
tion at the combustor exit was uniform, and its value corresponded to
fully-mixed CO2 and air at the metered flowrates.

The data acquired from tests of the total combustor are depicted in
Fig. 7. Data for both probe sets g£nd for probe orientatioms between and
inline with the louver 1 combustion air holes are presented. The data
indicated a relatively well-mixed primary zone (i.e., region upstream of
the combustion air holes), with little distinction in data acquired for
either probe set or azimuthal orientation. This homogeneous character
permitted meaningful calcuation of the airflow split. Approximately 19.5
percent of the total airflow was determined to be involved in the primary
flovfield.

Also shown in the figure are the cumulative effective open areas of
the liner. The sum of the swirler and dome cooling CDA represented 16.3
percent of the liner total, indicating that airflow from another source had
beei. recirculated upstream. It was assumed that all of this excess ori-
ginated from the louver 1 combustion air holes; the calculated entrainment
level was 26 percent of this flow.

The CO, tracer study indicated that 19.5 percent of the total airflow
patticipatea in the primary zone flowfield. Hence, the ¢_value would be
5.1 times the overall equivalence ratio, for the baselinePcombustor.
Variations in ¢_ applicable to the combustors used in the Configuration
Effects Tests abe depicted in Table 8 (the values are those associated with
Jet A). For thn baseline configuration, which was exclusively used in the
fuel-effects tests, ¢_ranged between 1.2 and 1.7. For the configuration-
effects tests, the coBbustion air holes in louver 1 and 5 were modified to
produce leaner and richer primary zones (see Description of Combustor).
Application of the above 26 percent entrainment level led to the airflow
splits and ¢ variations presented in the table. As can be seen, the three
configuratiohs provided three levels of ¢ for a constant overall fuel-air
ratio, and at le:st two levels of overallPfuel-air ratio for the same ¢p.

12



SECTION IV -- FUEL SPRAY CHARACTERIZATION AND INJECTOR SELECTION

The principle objective of this program was to determine the influence
of fuel chemical properties on the operation of a gas turbine combustor.
Fuel physical properties were de-emphasized by producing finely-atomized,
and hence rapidly-vaporizing, sprays for all fuels. This section of the
report describes the nozzle characterization effort necessary to select
injectorr which met the atomization goal.

Atomization Goal

The twenty~five test fuels provided wide ranges in both chemical and
physical properties. Variations in either could influence the burner
characteristics. Fuel chemical properties would primarily affect the type
and concentration of hydrocarbon species within the burner. For example,
hydrogen-deficient fuels might produce greater carbon concentrationms,
resulting in higher radiation heat loads (and subsequently higher liner
temperatures). Fuel physical properties would primarily affect the level
of atomization. That is, fuels with disadvantageous physical properties—-
high levels of viscosity or surface tension--would tend to form coarse
sprays, with these relatively larger droplets penetrating deeper into the
airflow and surviving for significantly longer time periods. Clearly the
size, location and intensity of the combustion zone would respond to such
fuel distribution alterations, and consequently the combustor characteris-
tics would also change. In order to isolate chemical property influences,
the processes dependent on physical properties must be minimized. Only by
achieving highly-atomized and hence rezpidly-vaporizing sprays can this goal
be satisfied.

Ballal and Lefebvre (Ref. 17) analytically considered the influence of
fuel chemical and physical properties on the combustion efficiency of a gas
turbine combustor. Limiting cases were identified where the heat release
rate was dominated by either chemical reaction, mixing or fuel
vaporization. Mixing-controlled situations were readily dismissed by the
authors by stating that “there exists no evidence to suggest that mixing
rates are ever limiting to the combustion efficiency of gas turbine coum-
bustors." Hence great attention was given to defining system
characteristics which separated reaction-controlled and vaporization- 3
controlled operation. In particular, a vaporizing fuel spray charecterized )
by a Sauter Mean Diameter (SMD) droplet was analyzed. Convective heat and ‘
mass transfer was included by assuming that the droplets do not respond to !
the turbulent velocity fluctuations of the airflow. A critical SMD was
identified (SMDC); for SMD > SMDC, fuel vaporization would control the heat
release:

0.5 0.572/3
fe] t

= * 8wk N (y_/_U_)

SMD,, [2.4 > ol In (1+B) * L * { {5

—
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where = gas density

= fuel density

= gas thermal conductivity

= gas specific heat

mass transfer number

= length of combustion zone
= turbilence intensity, pct

= bulk gas velocity

H = gas kinematic viscosity

0
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g
k
cp
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U

Large values of SMD_ would indicate that the fuel proprerties (fuel volati-
lity through B) and“flow condition (convective :-at transfer through u')
were favorable to vaporization--that is, a large &MD could be tolerated
without becoming vaporization controlled. Longer combusticn zones or
greater residence times, L/U would also increase SMJC.

The critical droplet size to avoid vaporization control was evaluated
for the combustor used in this test program. In particular, the SMD value
sought was to assure rapid vaporization within the combustor primaryczone
which, based upon the test conditions and flow splits, had 2 residence time
of approximately 5 ms., Calculations indicated that for Jet A ael, a 20
percent turbulence intensity, and a droplet lifetime half the primary zone
residence time, SMO = 52 um. That is, a Jet A spray with a 5¥D < 52 pm
would vaporize suff%ciently fast so as not to limit the heai relezse rate.
The least volatile test fuel to be tested had distillat’on cuaracteristics
similar to a No. 2 oil. For the same conditions as described above, the
critical diameter was calculated to be SMDc = 45 ym.

A second analysis of fuel vaporization was conducted using the UTRC
Spray Vaporization Computer Program. This code employs an axisymmetric
stream tube calculaticn technique, with fuel vapori:ation and droplet-gas-
phase mixing modeled through consideration of convective and diffusive ex-
change of mass, momentum and energ,. Initial levels of the air pressure,
temperature and velocity and fuel temperature, velocity and droplet size
were specified. The multi-component nature of the fuel is treated
following the technique of Cox (Ref. 18) by use of the fuel distillation
curve. The governing equations are solved by a forward marching, finite-
difference procedure to provide a streamwise evolution of the two-phase
flow properties.

The calculated droplet lifetimes, i.e., complete vaporization, for
specified initial droplet diameters of Jet A or No. 2 o0il are presented in
Fig. 8. The results were obtained for the same operating condition of the
primary zone as for the Ballal analysis. Agsin the convective heat and
mass transfer was represented by the inabiliry »f the droplet to respond to
turbulent velocity fluctuations. To achieve complete vaporization within
half the primary zone residence time, i.e., within 2.5 ms, the SMD of the
Jet A spray could approach 65 um while for Xo. 2 vil the spray must be
limited to SMD < 56 um. These results were similar to those acuieved in
the preceeding analysis and tuerefore confirmed the approximate level of
atomization required to eliminate fuel physical property influences. In
principle, the finest level of atomization, i.e., smallest droplets, ougat
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to be sought to truly minimize this influence. This extreme would have
imposed unacceptable demands on the test program--excessive fuel pressures
and/or nozzle substitution for every fuel, for each of three fuel flow-
rates, would have been required. These considerationc and the results of
the vaporization analyses led to specifying a spray atomization goal of: 35
< SMD < 45 ym for all fuels at the median fuel flowrate. The selection of
fuel nozzles to &¢chieve this goal was the objective of the injector
characterization effort.

Fuel Spray Characterization

In order to assure meeting the atomization goal, the fuel spray formed
by each of the 25 test fuels was experimentally characterized. Spray SMD
and ccae angle were determined for all fuels with a single nozzle, with
additional tests performed to quantify the influence of nozzle size (capa-
city), fuel temperature and swirler airflow. As described in Section III
all fuel nozzles were pressure-atomizing devices produced by Hago Manufac-
turing Inc., which were rated to produce hollow cone sprays with included
cone angles of 80 deg.

Spray Characterization Facility

The characterization of the fuel sprays was performed in the UIRC
Ambient Pressure Fuel Spray Facility located in the Jet Burner Test Stand.
This facility, which is routinely used to det.rmine spray patterns and
droplet size distributions, was designed to operate over wide ranges of
fuel and air flowrates. Fuel could be delivered from either a large capa-
city Jet A supply or a smaller (approximately 20 liter) batch supply. The
system also provides for fuel temperature conditioning (heating or
cooling). The pertinent components used for the present study are depicted
in Fig. 9. The fuel nozzle was mounted with the combustor air swirler on a
canister which acted as a plenum for swirler airflow; swirler airflew
was used only for a limited number of tests to document its influence on
the fuel spray. Either the Jet A or the batch fuel system could be
selected by activating a 3-way valve; each system contained the appropriate
components to pump the fuel and regulate its flowrate. The fuel delivered
to the nozzle was metered by a Micromotion mass flowmeter. Fuel pressure
and temperature were measured at the injector. A calibrated venturi was
used to meter the swirler airflow, with appropriate pressure and
temperatures at the venturi measured.

The fuel spray pattern and droplet distribution vere documented.
Photographic cecords of the spray were obtained to determine the included
cone angle. A high power General Radio Strobolume illuminated the spray
with a 10 ms light pulse substantially freezing the droplet motionm.
Polaroid film was used. A Malvern Model ST1800 Particle Size Analyzer was
used to measure the droplet size distribution in a plane 6.4 cm downstream
from the injector. This instrument is based on Fraunnofer diffraction of a
parzllel beam of monochromatic light by moving or stationary particles. A
He-Ne laser bLeam traversed the spray diameter with the diffracted light
sensed on a 30-element photoelectric detector. The data were acquired
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using a 300-mm focal length collecting lens which permitted detection of
droplet sizes between 6 and 560 ym. The photocells were scanned 200 times
(approximately 2.6 sec) to acquire a statiatically meaningful average for
each data point. A dedicated mini-computer stored the diffracted light
data and, upon request, executed an analytical program to interpret these
signals in terms of a Rosin-Rammler droplet distribution aand calculate a
spray SMD.

Test Plan and Procedures

Four sets of fuel spray characterization tests were performed:

(1) All fuels were sprayed at three fuel flowrates using one injector.
The injector was a Hago No. 35 nozzle, where the nozzle number (NN)
indicated the rated volume flow of No. 2 oil (gal/hr) at a dfferential
pressure of 0.69 MPa (100 psid). The same fuel mass flowrates were
used for all fuels, being 118, 133 and 162 kg/hr. These levels were
approximately the flows required for Jet A at the combustor test
condition.

(2) Two fuels were sprayed at three fuel temperature levels using one
injector. The two fuels were Jet A and tetralin, at temperature
levels of 290, 311 and 328K. A NN = 35 nozzle was used.

(3) Two fuels were sprayed at multiple flowrates through each of three
injectors. The two fuels, Jet A and tetralin, represented a baseline
and an extreme variation in physical properties. Nozzle sizes
included NN = 20, 30 and 35. The five flowrates included the three
above and, for the smallest nozzle, two lower rates of B3 and 96
kg/hr.

(4) Two fuels were sprayed using one injector and two levels of swirler
airflow. The two fuels were Jet A and tetralin and the nozzle was a
NN = 35 device. The two airflow levels were characterized by the
differential air pressure established across the swirler (DPSW). Data
were 2cquired for DPSW = 4.9 and 26.2 kPa, which corresponded to
matching airflow velocity and momentum, respectfully, to those
appropriate to actual combustor operation.

Th~ test procedures were similar for any of these tests. The
instrumentation was checked each test day. Jet A flowrate was established
at 133 kg/hr. 1f appropriate, the swirler air differential pressure and
fuel temperature were set for the test condition. Two Malvern data points
were acquired. The system was then switched to the test fuel by activating
the three-way valve. The lowest fuel flowrate (118 kg/hr) was set and the
airflow and fuel temperature condition re-established. Two Malvern data
points were acquired; the spray was photographed. The test fuel flowrate
was increased to the second and third levels, with similar care for helding
The test condition and data acquisition. At the completion of this
sequence, the system was momentarily switched back to the Jet A supply and
then terminated. Another test fuel was loaded into the batch fuel system
and the delivery lines purged of prior fuel. This sequence of acquiring
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Jet A data and then test fuel data was followed during all four sets of
testing.

Initial Results -- Weber Number Influence

Some preliminary tests were performed to verify that the nozzles were
acting as expected. A single test was performed using a twenty-point
patternator probe to confirm the hollow-cone spray quality. The probe
spanned the spray diameter in a plane 7.6~cm downstream from the nozzle.
The observed pattern is depicted in Fig. 10 where a clearly hollow cone
behavior is evident.

The results from initial tests to determine a Jet A spray SMD were
different than expected. Several investigators (Refs. 19 to 2!) have
characterized the sprays from pressure-atomizing nozzles and developed
correlations f£cr the dependence of SMD on fuel physical properties, fuel
flowrate and nozzle size. For a given fuel, these studies have shown

SMD - WF® Dp "
where WF = fuel wass flowrate
DP = injector pressure drop

m,n = empirically-derived constants in the range:
0.20 < m < 0.25
0.35 < n < G.43

The UTRC data did not fit this form. An investigation ensued, which
included a comparative checx of current and previous Malvern data for a
standard nozzle and a review of the spray characterization literature.
Valid data were being acquireZ; sufficient signal strengths were being
received by the photodetectors. The normalized size distribution was mono-
modal and well fit by the Rosin~Rammler distribution function. The Malvern
data acquired with the standard nozzle duplicated previous results.

The literature review was f:ruitful in revealing the probable cause of
the SMD discrepancy. Data presented by Simmons (Ref. 22) indicated a
change in the dominant atomization mechanism as the flowrate through a
pressure—atomizing nozzle was increased. This change was reiated to the
nozzle Weber number (We) defined as the ratio of fuel inertia forces to
surface tension forces. Ap expression for We as a function of the nozzle
geometry, fuel properties and flowrate was derived and a critial Weber
number, We , was identified at a value, We = 1. Below We , the SMD data
did not mafch the above standard correlation while for We®> We agreement
was achieved up tn the maximum We investigated (We = 5), ¢

Other investigators have also acknowledged the importance of We on
atomization. In particular, Dickerson and Coultas (Ref. 23) noted changes
in the droplet breakup mechanism ncar both We = 1 and We = 10. Their
observation of "bag breakup" near We = 1 coincided with Simmons change in
atomization behavior. Additionally they noted a change to a "shear
breakup" mechanism at higher We. Thercfore, just as Simmons observed that
We = 1 was a lower bound to the range of applicability of the "standard
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correlation”, a We = 10 wight represent an upper bound of application.
Atomization correlations developed for 1 < We < 10 might not be applicable
for high We cases. Indeed, applying the expression for We derived by
Simmons to the investigations which developed the correlation revealed

that they were generally restricted to 1 < We < 10 (Fig. 11). The
investigations conducted by Jasuja at Cranfield (Ref. 21) did slightly
exceed this upper limit. Review of th~se data indicated that the high We
values showed the greatest deviation from the empirical correlation.
Because of the sparceness of these points this phenomenon was probably
overlooked. The range of Weber number covered by the nozzle size-fuel flow
demands of the current program is also shown on the figure. Clearly,
operation at We > 10 was to be experienced. These observations highlighted
the need to recognize the application limits of empirical correlationms.

Use of the pressure-atomizing injector "standard correlation" would have
been erroneous.

It is noted that a complete SMD correlation was not necessary for this
program since spray characterization data were acquired for every test
tuel. These data are being analyzed by UTRC to develop such a correlation;
the results of this effort will be published in the future.

Characterization Results

Data which characterized the atomization of each fuel injected by a
Hago No. 35 nozzle are listed in Table 9. The fuels are listed in
generally decreasing order of atomization quality. As expected, the
measured atomization levels for fuels with similar physical properties
(e.g., Jet A and JP5 or JP4, JP4-8S, JP4-A) were alsc similar. The dominant
physical property appeared to be surface tension. Tetralin and decalin
possessed the highest surface tension and atomized reiativaly poorly, while
the JP4 fuels, with the lowest surface tension, atomized the best. An
approximately linear influence of surface tencion was apparent as indicated
by ¢he data plotted in Fig. 12. Viscosity . J not systematically influence
the spray atomization (Fig. 13) for the range of viscosity of these test
fuels. These two influences were consistent with the identification of
Weber number as a critical parameter as this variable was respomsive to
fuel surface tension but not fuel viscosity. Additionally, both of these
physical property influences differed from dependences associated with the
standard pressure-atomizer SMD correlation, again indicating a change in
dominant atomization mechanism. The included come angle did not
eignificantly vary despite substantial changes in the spray SMD. Hence it
was expected that fuel from all sprays would initally have the same
direction.

Tests at _Eleyated Fuel Temperature
The data acquired from tests using a No. 35 Hago nozzle spraying Jet A
and tetralin fuel at temperatures of 299, 311, 328K are listed in Table 10.
These tests were scheduled in anticipation of reducing the spray SMD
because of viscosity decreases at elevated temperatures. That is, the
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standard correlation for pressure-atomizing injectors indicated a
significant dependence of SMD on fuel viscosity. Hence, it was originally
expected that a viscosity reduction would cause an SMD reduction; control
of fuel temperature {and thus fuel viscosity. was a proposed technique to
control spray SMD. The initial test results .ad the complete characteriza-
tion of all fuels showed that this approach was not applicable. As
demonstrated above, viscosity did not systematically influence SMD.
Therefore, despite viscosity decreases of 40 percent for tetralin, the
observed atomization level was insensitive to the fuel temperature. The
more dominant physical property, surface tension, decreased by less than 8
percent over the fuel temperature range invstigated and hence little
measurable influence would be expected.

The data acquired from tests with three Hago injectors with nozzle
numbers, NN = 20, 30, 35 are listed in Table 11. Five flowrates were
investigated--the three levels used above plus two lesser flows for the
smallest nozzle to permit acquisition of wmeasurable (i.e., not too small)
SMD data. The expected significant dependence of spray SMD on nozzle size
was documented. The atomization level changed by up to a factor of five
for the range of nozzle numbers investigated. Cone angle variations were
small. Since SMD control by exercising fuel temperature control was not a
viable approach, the atomization goal could be met only by the proper
specification of nozzle size. The SMD data from these tests were analyzed
to quantify the SMD - NN relationship. For the medium fuel flowrate; it
was determined that:

SMD/NNb = constant

with b = 4.0 for Jet A
b = 3,1 for tetralin

The variation in "b" implied that a fuel property iufluenced the nozzle
scaling. This influence would be in addition to the surface tension effect
observed in tests with the same nozzle (Fig. 12).

Most of the atomization levels presented in Table 9 for a NN = 35
nozzle were above the goal of 35 < SMD < 45 uym at a fuel flowrate of 133
kg/hr. Hence a smaller nozzle was often required. Since a value for "b"
was not available for all fuels, the value for tetralin was applied for all
nozzle scaling. Use of b = 3.1 was the conservative approach in gelecting
the nozzle. That is, if a fuel would actually be represented by b > 3.1,
then using b = 3.1 would lead to a nozzle atomizing within or below the
goal range. Applying this scaling relationship to the SMD data obtained
with 8 NN = 35 device led tn the specification of the fuel nozzles
indicated in Table 12. Calculated nozzle umbers were transformed to the
nearest available nozzle; four nozzle sizes were to be used. Also shown
are the predicted SMD values; they were within the atomization goal.
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Data acquired to document the influence of swirler airflow asre listed
in Table 13. The NN = 35 pozzle—air swirler combination was mounted on &
25-cm diameter canister which acted as a plenum for the airflow. The two
levels of airflow, represented by the pressure drop across the swirler,
corresponded to matching the airflow velocity or momentum of an operating
combustor. Substantial decreases in SMD were observed indicating a strong
secondery atomization process. Theoretically, it uight be argued that the
momentum-matched airflow represented the proper combustor simulation. UTRC
experience has not substantiated this belief, however; velocity-matched
airflows have been used with success to screen and select nozzle concepts.
Indeed, data do not exist to clarify this issue. Therefore, while
quantitative conclusions could not be drawn from these data, some reduction
in spray SMD from the data presented in Table 12 was expected.
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SECTION V - TEST FACILITY AND INSTRUMENTATION

The experimental program, including both the combustor calibratior and
the fuel-effects and configuration-effects combustion tests, were performed
in the UTRC Jet Burner Test Stard (JBTS). This section of the report
describes the specialized test facility assembled for these efforts. The
instrumentation is detailed, with complete description given for two unique
diagnostics--a transpiration radiometer and Mie-scattered light particle
sizing apparatus.

Test Facility

The experimental program was conducted in the JBTS which is a
self-contained facility with four test cells equipped for high-pressure
combustion cests. The JBTS provides, in addition to the test cells with
control rooms, assembly areas, automatic data acquisition systems, and air,
fuel and gaseous nitrogen supply systems.

The test facility consisted of three sections: an air preparation
section, a test and instrumentation section, and an exhaust section (Fig.
14). A specialized fuel delivery system supported the test facility.

The air preparation section provided airflow rates satisfying the
requirements of the test conditions. Air was supplied to the JBTS through
the system depicted in Fig. 15. The multi~staged receiprocating
compressors, capable of pumping a cowbined flowrate of up to 4.5 kg/s,
provided sir at pressures up to 2.7 MPa. The airflow for the combustion
tests was heated by an indirect-oil-fired burner prior to entering the
JBTS; the typical preheat level was 420K. The heated airflow was regulated
in the test cell and metered by a venturi, with appropriate measurement- of
air pressure and temperature performed upstream and at the throat of this
device. The temperature of the venturi body was also measured to account
for thermal expansion of the throat diasmeter. The metered airflow was
heated further by use of an electrical resistance-~type heater. A plenum at
the heater exit assured that uniform airflow velocity and tempersture proc-
files were delivered to the test section; arrays of four thermocouples and
four total pressure probes documented this condition.

The test section housed the combustor liner, providing appropriate
access for a spark ignitor, fuel injector support and other instrumenta-
tion. This section was fabricated from commercially~available pipe with an
inside diameter of 15.2 cm. The l.3-cm snnular gap between the liner and
housing permitted adequate backside convective cooling of the burner
louvers. The combustor was supported by links on the dome with an aft
sliding-seal to allow axial and radial growth. The position of the
combustor in the housing and the layout of instrumentation on the liner and
at the combustor exit are described below.

The exhaust section consisted of a water-cooled T-section and a
backpressure valve. The T-section provide’ a 7.6-cm dismeter viewport to
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permit direct observation of the combustor exit plane via closed-circuit,
color television system. A remotely-operated butterfly valve was used to
control the test section pressure. A high-pressure water quench reduced
the gas temperature upstream of the valve to less than 700K to prevent
damage to it.

The fuel delivery system consisted of three subsystems: a startup fuel
subsystem, a test fuel subsystem and a nitrogen purge subsystem. Jet A was
supplied to the test cell from underground storage tanks by positive
displacement pumps. This fuel, referred to as Jet A-U was the startup fuel
used prior to switching over to the test fuel. Data were acquired for the
combustor operating on Jet A-U prior to operation on any test fuel. Jet
A-U had properties identical to the Jet A test fuel; the drummed test fuel
had been extracted from this source early in the program. The underground
Jet A tank was isolated for this program; no additions were made to this
tank once testing commenced. Drum quantities of the test fuel could be
delivered by the test fuel subsystem which was capable of delivering 4.6
liter/min at a pressure of 6 MPa. Two solenoid valves, one in each fuel
subsystem, were actuated by a common electrical circuit. A normally-open
valve in the Jet A system and normally-closed valve in the test fuel system
were switched in unison to provide a rapid, positive change in fuel. A
Model C-12 Micromotion mass flowmeter was located in the common fuel
delivery line #: the test rig. This meter semnsed the coriolis forces
induced by fuel flowing through a curved tube to determine the mass flow.
The meter contained no moving compcnents (e.g., turbine vanes) and hence
the rate measurement was independent of the viscosity. The nitrogen
subsystem was available to purge the fuel nozzle and delivery lines inside
the combustor rig and to cool these items during the setup of the test
condition. The fuel system is depicted as part of Fig. 16.

Instrumentation

The test facility was instrumented as described below. The parameters
measured are listed in Table 14 and schematically indicated in Fig. 16.

Measurements were made to document the airflow rate, pressure and
temperature approaching the model combustor. The airflow rate was deter-
mined using a venturi witn a 2.286-cm throat diameter; pressure and
temperature upstream and pressure at the venturi throat were measured. The
distribution of temperature and total pressure at the test gection inlet '
wvere documented using arrays of four thermocouples and four total pressure i,
probes. The test section housing contsined four static pressure taps to '
document both the axial static pressure gradient in the airflow external to
the burner and the pressure at the combustor exit.

|

The fuel supply contained provisions for acquiring pressure and t
temperature measurements necessary to control the flow. A thermocouple was ]
inserted through the fuel tube to the nozzle vicinity to document the i
temperature of the injected fuel. As described above, a Micromotion mass [
flowmeter was used to determine the fuel flowrate. A dc voltage source, l
i
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interlocked with the fuel switchover valves, produced a signal for the data
system to identify data points acquired when operating with the test fuel.

The model combustor was instrumented with thermocouples to document
changes in the combustor metal temperatures. Three bundles of 13 type K
thermocouples were mounted on the combustor liner--two thermocouples
mounted nn each louver and one on the dome for each bundle. The layout of
these sensors formed axial arrays between alternative rows of the louver
combustion air holes. The photograph of the combustor liner (Fig. 3)
illustrates the liner thermocouple layout. The location of the
thermoccuples coincided with the end and 2.5 cm downstream of the inner
louver lip.

Two types of radiometers were used to document the radiative heat
loads--transpiration and thermopile devices. The thermopile unit was
representative of a conventional approach to radiation measurement. Such a
device requires a window to isolate the sensor from the combusting medium
and thereby eliminate convective heat transfer. Windows are difficult to
use adjacent to a sooting environment. Deposition on the surface can alter
the transmission and hence the level of radiation sensed. A solution to
this problem is to recess the window, but this practice narrows the view
angle, prohibiting acquisition of full hemispherical fluxes. As explained
below, a transpiration radiometer does not use a window and permits
placement of the sensor at the combustor wall.

Two transpiration-type radiometers were mounted on the dome of the
burner. Each radiometer was a prcbe~like device constructed from three
concentric tubes; it had 1.6-cm OD and was approximately 25 cm long (Fig.
17a). The outer two tubes provided a delivery-return cooling loop to
ensure survival of the probe, while the central tube ducted a metered flow
of gaseous nitrogen to the probe tip. The tip was covered by a tightly-
woven steel screen which permitted the nitrogen to seep out of the probe
(Fig. 17b). It was mounted to place the screen flush with the combustor
liner to acquire the full-hemispherical radiative flux.

The screen was the radiative load sensor. It was heated because of
heat transfer from the combusting medium and cooled by the convective flow
of nitrogen. At steady-state, the energy removed by the nitrogen must .
equal the input energy. Direct measurement of the energy gain of the '
nitrogen was not possible since it would have required measurment of the '
nitrogen temperature leaving the screen. However, if the screen was a
perfect heat exchanger, the screen temperature would equal the exit gas
temperature and therefore (ideally):

Ideal Energy = WN2 * CPN2 * (TSCREEN - TN2UP)

where WN2 = pnitrogen mass flow

CPN2 = gpecific heat of nitrogen

TSCREEN = temperature of probe screen

TIN2UP = temperature of nitrogen upstream of screen
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As shown by Moffat (Ref. 24), with sufficient nitrogen flow, the gas
boundary layer will be blown-off the tip and only radiative transfer would
heat the screen. The occurrence of blowoff depends on the flow of the
inner, combusting flow; experiments with a flat plate suggest that the mass
flux must exceed 8 percent of free stream value to achieve this condition.
During this mode of operation, as the nitrogen flowrate is reduced, the
probe temperature rise (screen minus upstream nitrcgen temperatures) would
increase while the energy input remains constant. Only at low nitrogen
flow would the hot gas boundary layer re—-attach, a situation to be avoided
because the input energy would have destroyed the screen. Data were
acquired at various nitrogen flowrates during combustor shakedown tests to
confirm measurement of radiative heat transfer only (Fig. 18). As expected,
the probe temperature rise did vary but the input enmergy remained constant.
During combustor testing, a nitrogen mass flux of approximately 6 gm/s/cm
was used to assure operation in this mode. All probes were calibrated by
the Pratt & Whitney Aircraft Commercial Engineering Heat-Transfer Labora-
tory at elevated pressures to account for the non-ideal heat exchanger
behavior of the tip screen.

Three, water-cooled thermopile radiometers were acquired from
Medtherm, Inc. to document the changing pattern of radiative heat transfer
within the combustor. These devices were mounted on the test section
housing to view the combusting medium through the 1.2-cm diameter
combustion air holes located in louvers 1, 2, snd 3. The radiometers were
designed to have a narrow view-angle (effectively, 33.43 deg; form factor =
0.0215) to allow locating them on the case to view the combusting gas but
not the metal liner. Since these devices accepted radiation over a
relatively narrow angle, the indicated radistive load could be either
higher or lower *“han the hemispherically-averaged level measured on the
dome. However, the three case~mounted devices did provide an indication of
the axial distribution of radiative heat transfer and how this distribution
was influenced by fuel chemical properties or test condition. These radio-
meters used a thermopile sensor located behind a sapphire window. The
narrow view angle derived from a significantly recessed window which, in
turn, was continuously purged by nitrogen. The repeatability of Jet A-U
data indicated that no window fouling occurred. Furthermore, the devices
vere re-calibrated by Medtherm after completion of the fuel-effects tests
and found to deviate from the original calibration by less than 2 percent.

The combustor exhaust products were probed to determire the
temperature distribution, average gaseous emission levels, smoke emission
level, and particulate size and number density. The measurements utilized
a serial buildup of intrumentation sections as depicted in Fig. 14. The
combustor exit temperature distribution was determined by using six thermo-
couple rakes containing a total of 22 sensoras. The thermoccuples were Type
B (PT6RH/PT30RH) devices concentrically mounted in a vented radiation
shield. The exposed portion of the thermoccuple shesth and the radiation
shield were fabricated from a platinum al'ny thereby allowing a thermec-
couple maximum use temperture of approximately 1850K. The average gaseous
exhaust emissions were determined from examples extracted by four ganged
sampling rakes containing a total of 20 sampling orifices. The samples
were analyzed to determine unburned hydrocarbons, carbon monoxide, carbon
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dioxide, oxygen, and total nitric oxides. Table 15 presents the types and
ranges of the exhaust gas analyzers. Smoke emission levels were deter-
mined from samples extracted by three, ganged, steam-cooled probes. The
probe orifice diameter (1.55 mm) was sized to achieve isokinetic sampling;
the sampling procedures were those specified by SAE ARP 1179. The layout
of these several combustor exit plane probes is shown in Fig. 19. The flow
blockage was nui as great as the figure might imply; the array did not
measurably backpressure the combustor.

Particle size and number density were determined at the combustor exit
from an in-situ, spatially precise techniqug--namely, from the scattered
light emanating from an approximately 15 mm~ sample volume on the combustor
centerline. This non-intrusive approach was adopted hecause of the belief
that probe sampling would alter the character of the soot; particulate
agglomeration would be likely.

The scatered-light signals were interpreted according to Mie therory
of light scattering. This technique has been detailed previously by
several authors (Refs. 25, 26, 27) with a critical assescment of the
accuracy of it given by Bonczyk (Ref. 28). In brief, this theory predicts
the intensity of light scattered by particulates as a function of the
scattering particle properties, the scattering geometry and the incident
intensity:

I =K* I0 *¥ N * PHI

where I = light iuntensity scattered by particles
I~ = incident light intensity
PQI = complex scattering function
K = constant including the scattering solid angle and the

optical samnle volume
N = particulate number density

The scattering function, PHI, is dependent upon the size parameter, x, the
scattering angle, 6, and complex refractive index, n:

PHI = PHI (x, €, n)

where x = 7D/}, A = the wavelength of the scattered light
D = the particle diameter

PHI is also responsive to the polarization of the light. Strictly, this
description is accurate only for spherical particles of uniform size.
Extensions of the theory to permit definition of polydispersions result in
greater analytical and experimental complexity. For combustion
applications, where the particulate shape is non-spherical, it is difficult
to determine all the parameters of the polydispersion. Therefore, for such
appliations, it is common to assume a monodisperse particulate size
distribution. This approximation (and the accompanying assumption of
spherical particles) limits the accuracy of the D and N determinations.
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The evaluation of particulate size and number density relied upon the
angular disymmetry of the scattered light. From the above description, for
a rixed polarizatiom ot the light (chosen to be perpendicular to the
scattering plane), the ratio of light intensity at two ditferent angles, ¢l
ana €2 is:

I(61)/1(62) = PHI (D,61,n)/PHI(D,62,n)

This ratio 1s a tunction of D alone for given values of the complex
retractive index and scattering angles. In this program, values ot €1 = 45
deg and €2 = 135 deg were used; the scattered light had a wavelength of
514.5 nm. The dependence of the ratio of scattered light on D is depicted
in Fig. 20 for two values of n. Note that the theory permits size deter-
mination for D < 0.3 um; for larger diameters, the ratio is multivalued and
are unambiguous size determination cannot be made. The proper value for
the complex index of retraction of the combustor exhaust particles was not
known; the value likely depended on the chemical composition of the parti-
culates. The two values used to generate the curves in Fig. 20 werc
obtained from measurements either on graphite or on soot from an acetylene
flame. For the valid range of diameter determination, the uncertainty
introduced by these two n values was not great, however; the value for
graphite (n = 1.94 - 0.661) was used in the data reduction. Once D had
been determined, the particulate number density, N, was calculated from the
scattered light intensity meaured at ¢l and the known geometry of the
scattering setup.

The particle sizing apparatus assembled for this program is shown in
Fig. 21. The incident light was produced by an argon-ion laser with an
output power level of approximately lw at a wavelength of 514.5 nm. The
polarization ot the output beam was rotated to be perpendicular to the
scattering-plane; the beam was chopped at a frequercy of 20U8 Hz. The beam
was airected through a recessed sapphire window, across the combustor
exhaust, through a second window and on to a laser powermeter. Two
scattered light detector assemblies were rigidly attached to the test duct,
one at 45 deg and one at 135 deg from forward scattering. The fabrication
tolerances ot the assembly mountings were specitied to assure precise
alignment ot them; during installation of this apparatus it was observed
that the beamfs from two He-Ne alignment lasers intersected on the test duct
centerline. Each detector assembly contained a sapphire window, a
polarizing disk, a narrow-pass filter (centered at 514.5 nm) and a fast
linear focused (EMI type 980/B) photomultiplier tube (PMT). The solid
angle of the scattered light was defined by two 3.1 mm dia appertures
(separated by a distance of 20.0 cm) located along the detector centerline.
The output trom each PMT was input to a lock-in amplitier which was
referenced to the chopper frequency. This setup enhanced the signal-to-
noise ratio by providing an output voltage proportional to the ditference
between the laser-stimulated scattered light and any random light which
might have been detected.

The laser beam path also contained two focusing lenses. Initially

these lenses were not in the optical path. During combustor shakedown
tests, the quality of the laser beam exiting the test duct was observed by
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use of a television system. No significant beam steering was observed;
however, substantial beam diameter growth was observed. That is, the
1.3-mm diameter laser beam had grown to fill the 12-mm diameter exit port.
This growth was attributed to "thermal blooming" which occurs as light
passes through gases which possess large temperature gradients. The
thermal gradients produce gradients in the index of refraction which

result in a lens-like expansion of the ray. It was suspected that the
blooming occurred in the window recesses where cool nitrogen purge flow and

hot combustion products were unavoidably mixed. The lenses were installed
to focus the laser beam on the test duct centerline to minimize this
problem. Once the lenses were added, the beam quality exiting the test
duct substantially improved. The exit heam diameter was reduced to less
than 2 mm; geometric considerations of the focuging implied that g 0.5-mm
diameter beam passed through the measurement volume. An alternative

solution, use of heated purge flow, was not compatible with the window seal
design.
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SECTION I - COMBUSTOR TEST CONDITIONS,
PROCEDURES, DATA ACQUISTTION AND REDUCTION

Tke principle variable investigated in this program was fuel chemical
properties. Only a single airflow condition was used, with frel irjected
at three flowrates for each test fuel. The matrix also included test
replications to permit deternina.ion of the statistical c¢/ 'sistency of the
data. This section of the reru.t details ths test condit ns and
procedures, and specifies the manner in which the data were acquired and
statistically analyzed.

Test Conditions and Procedures

The singl airflow condition used in this program simulated high-power
operation of a gas turbine engine. Each fuel was tested at the three flow-
rates required to produce ideal combustor exhaust temperatures or 1247K,
1346K or 1473K. These three temperatures were the ideal temperature levels
associated with combusting Jet A at fuel-air ratios of 0.015, 0.018 and
0.922, respectively. The actual flowrates for each fuel were determined
from theruochemical calculations using the chemical properties determinea
from the fuel anslyses. The combination of airflow parameters and
comburtor exit temperatures defined three test conditions indicated in
Table 16.

These conditions were estabiished in both of two phases of tests:
fuel-offects tests and configuratiovn-effects tests. In the fuel-effects
phase, all twer:ty-five test fuels were evaluated in a single burner
comfiguration. In the configuration-effects phase, three test fuels were
evaluated in two modifications to the above baseline burner. These two
configurations, described in Sectiou III, provided either a higher or lower
primary zone equivalence ratio than that of the baceline.

The test procedures were identical for all tests in both phases. The
data acquisition system was set up each test day. Pressure transducer and
thermocouple references were checked; flowmeter, analyzer and radicmeter
outputs were ceroed; signal amplifiers were calibrated. A drw: of the test
fuel was installed with approximately 12 liters pumped through the dalivery
and return lines to purge them of previously-used fuel. The appropriate
JBTS support sysiems were activated; prrge flows were established through
the sample probes, radiometers and fuel delivery line. Combustor airflow
was initiated and heated by both the indireci-fired and electrical heaters.
The fuel purge vas terminatcd and Jet A-U introduced. Because of the high
inlet air temperature, the fuel ignited spontameously at a minimal flow,
avoiding a sudden increase in burner pressure. The fuel flowrate was
increased and the airflew parameters (pressure, temperature, flowrate)
adjusted to the Condition 1 setpoints. Probe purge flows were terminated
and steady-state conditions verified by observation of the exhaust gas
temperature and species concentrations.

Data were acquired for operation on Jet A-U prior to combusting
test fuel. If the test fuel was the first to be investigated un the test
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day (multiple fuels were evaluated in a day), data were acquired at all
three conditions. Fox subsequent fuels in the test day, data were acquired
only at Conditicn 1. For each coundition, three data points were recorded
on the data acquisition system and three smoke samples acquired. Key para-
meters displayed in the control room were hand-recorded to provide a refe-
rence of purner behavior. These readings were frequently reviewed during
Jet A-U tests prior to test fuel operation to confirm that the combustor
was firing in an expected and repeatable manner.

After obtaining data for Jet A-U fuel, the fuel supply wa switched to
operation on the test fuel previously loaded in the system. Switchover was
always accomplished &t nominal Condition !l setpoints; the simultaneous
activation of solenoid valves provided an uninterrupted flow of fuel and
the burner never extinguished. Condition 1 operation was established for
the test fuel and three data poirnts and smoke samples acquired. The fuel
flow was increased and airflow parameters adjusted to achieve Conditin~u 2
and Condition 3 in sequence, with three data points and smoke samples
acquired at each. Upon completion of this three condition sequence, the
fuel flow was decreased and burner parameters adjusted to re-establish
Cond.tion 1. Similar data were acquired for this condition and
subsequently again for Conditions ? and 3. This sequence was repeated a
third time to provide a total of nine data points for each test condition.
These data were statistically analyzed as described below to determine
whether consistent, repeatable data were being acquired.

After completion of these sequence tests, the fuel system was switched
to the Jet A-U supply and then flow was terminated. Purge gas was
established through the sampling probes prior to this process to avoid
ingestion of unburned fuel; the fuel lines were purged immediately upon
fuel termination. All systems were secured if the tests planned for the
day were completed. Otherwise, the test fuel was changed, fuel lines
purged and the Jet A-U/test fuel sequence described above was executed
again.

Data Acquisition and Reduction

The complete set of test data was recorded by means of an autowatic
data acquisition system which stored the information on magnetic tape for
subsequent compute: processinz. The data system accepted data on up to 25
channels, 10 provided with signal conditioners, and the remainder com-
patible with preconditioned input signals. The system was capable of
controlling and accepting datz from submultiplexers such as pressure and
thermocouple scanning switches. The data channels were scanned sequen-
tially at a rate of 12 channels per second and whenever a submultiplexer
was connectad to & channel, all ports were sampled before proceeding to the
next channel. An analog-to-digital converter digitized the data and an
incremental magnetic tape recorder stored it for subsequent computer
processing. The format of the tape was structured for compatibility with
the UTRC UNIVAC 1110 digital computer.

Data reduction was cmpleted in the following three steps:

29

- P I Ll

=

e — e — e — —— . . " p T | }— = o =

[,



el

1. Data tape point=by-point reduction
2. Normalization to standard test conditions
3. Precision assessment

Data Tape Reduction

The data svctem magnetic tape was reduced by use of an existing
computer progrza. This code applies the appropriate calibration factors to
each signal to provide engineering units for pressures and temperatures for
calculation of parameters of interest. Among those selected for this
program were: airflow rate, fuel mass flowrste, combustor reference
velocity, radiative heat flux, exhaust emission indices, fuel-air ratio
from either metered flows or exhaust species, particulate size and number
density (using look-up tables generated by a code for Mie-scattered light),
primary zone equivalence ratio, ideal combustion temperatures for either
the primary zone or overall combustor, and combustion efficiency. Averages
of pressures and temperatures which characterized the inlet airflow or
combustor exhaust were also calculated. The output from this data reduc-
tion code was a Summary Table which displayed all measured and calculated
parameters for every data point. This Table was reviewed for spurious
ueasurements (e.g., open thermocouples) with hand-recorded data input if
available. Also items not acquired by the data system {e.g., SAE smoke
number) were entered into the Summary Table.

Test Condition Normalization

Tn any test program, attaining the precise values of the test
condition parameters is difficult. The conditions achieved in this program
generally matched the desired parameters tc within 0.5 percent. In an
attempt to minimize the influence of even these small deviations, rela-
tionships were derived to normalize the performance parameters to the exact
test conditions. These relationships were either analytical expressions,
correlations or complex relationships expressed by analytical models (e.g.,
influence of pressure on ideal combustion temperature). A listing of the
test parameters and the calculated and measured performance parameters is
given in Table 17. The parameters designated by the asterisk uncer the
Parameter Type column were those which established the test conditions
and were set according to the values specified by the test matrix. The
parameters whicl were not test parameters were designated either as
measured pareameters or calculated parameters. Measured parameters included
those that were directly measured or those which required only a straight-
forward arithmetical manipulation (such as obtaining the averages of four
combustor entrance air temperatures to obtain the average entrance
temperature). Calculated parameters were those which were derived from the
measurements and in general were dependent on more than one test parameter.

The methods for normalizing the parameters to the standard test values
end an indication of whi~h parameters were subjected to a precision analy-
sis are also indicated in Table 17. 1In the case of the test parameters
themselves, the normalized value was that specified in the test matrix.
Most measured parameters were normalized by use of influence coefficients
(IC). An influence coefficient is a weighting factor which specifies the
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percentage change in the measured parameter for a 1 percent change in an
independent (test) parameter. This approach is equivalent to correcting
the parameter by mathematically forming a first~order expansion about the
measured value (i.e., a single term Taylor series) and hence was an
adequate technique for small departures from the desired test conditioms.
The influence coefficients were obtained either from derivatives of simple
equations relating measured and test parameters (e.g., fuel pressure-fuel
flowrate dependence) or from the response of computer model calculations
from perturbations of the test conditions (e.g., influence of pressure on
the combustion temperature). In particular, the radiation measurements
were normalized by the quotient of ideal radistive loads predicted for the
desired and actual test conditions. In these calculations, the emissivity
was computed from the model of Lefebvre (Ref. 29). An existing computer
code tc predict liner temperatures was used tc develop their IC from
results obtained from parametric perturbations of the test parameters
(airflow, fuel flow, etc.) The trace exhaust emission species (UHC, CO,
NOx) were normalized by use of correlations developed by Sarli (Ref. 30).
Calculated parameters were normalized by performing the catculation with
the normalized parameter values.

Precision Asssessment

For each of the performance parameters subjected to a precision
analysis (see Table 17), the following statistical properties were
calculated:

1. The mean value
2. The standard error of estimate
3. The interval about the mean within which the true means lies
to a confidence level of 90 percent
4. The interval about the standard error estimate within which
the standard deviation lies to a confidence level of 90 percent.

Precision is 8 measure of the repeatability of data. It is customary
to express precision in a quantitative manner by using the standard error
of estimate. This statistic is often erroneously referred to as the
standard deviation. However, the standard deviation is a measure of
precision for an infinite set of data while the standard error of estimate
is a measure of precision for a set of S (finite) data. In practice, for
reasonable values of S, the two statistics have essentially equal values.
The use of properties of the standard error curve to describe the precision
of a set of S data is based upon the assumption that the data are randomly
distributed about the mean of the data. It can be shown that for
reasonable values of S (> 30), this assumption is valid. However, for
small values of S, there is a non-zero probabiiity that the data are nst
randomly distributed about the mean value so that the calculated standard
error of estimate will differ from the true standard deviation value.

In this program nine values were obtained for each parsmeter at each
test condition. Therefore, there was a reasonable probability that each set
of data was not randomly distributed about its mean value and the mean
value differed from the true mean (assuming that the data were ctherwise
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free of bias). To assure that the statistics describing the precision of
the data were reliable, it was necessary to use statistical techniques
applicable to small data sets. No inference procedure was capable of
producing an exact result. Instead, a statistic was calcualted that had a
specific probability of being correct. One technique applicable to the
present case is Student's t-test. This procedure assumes the standard
deviation calculated for a small set is reliable (i.e., the data sre
randomly distributed about the mean value of the set) and estimates the
degree to which the true mean for the data differs from the calculated
mean. The determination of the confidence interval for the mean value
requires that the confidence interval for the standard deviation be
specified. It also is not precisely known for small sample sizes, and
therefore, a "Chi-square" method was applied tc establish the confidence
interval for the standard deviation.

A computer program was written which accessed all data contained in
Summary Tables and grouped the points common to a test condition for each
fuel. These groups were normalized and analvzed for precision. A
publication—-quality printout was produced and bound to represent one part
of the Comprehensive Data Report for this program.
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SECTION VII ~ COMBUSTOR TEST RESULTS: FUEL-EFFECTS

The principle objective of the program was to quantify the influence
of fuel chemical properties on gas turbine combustor operation, emissions
and heat load. As described in previous sections of this report, fuel
physical properties were de-emphasized by achieving highly-atomized, and
hence rapidly~vaporizing, fuel sprays. Test fuels were specified to
present wide ranges of fuel hydrogen, total aromatic and naphthalene
contents. This section of the report presenis and discusses the data
acquired from combustion tests with these fuels to determine the chemical
property influences on the burner.

General Combustor Operation and Data Quality

The baseline combustor configuration, which was used in all of the
fuel-effects tests, operated in a consistent manner. The combustion effi-
ciency (determined from exhaust gas analyses) was always 99.9 pct or
greater. Often the unburmed hydrocarbons and carbon moanoxide were below
the threshold detection level of the analyzers. The NOx emissions were
relatively constant at a level EINOX = 12 to 14. The combustor exit
temperature pattern factor was typically 0.12 + 0.01 at Test Condition I,
increasing slightly to 0.14 + 0.02 at Test Condition 3. On the last test
dey, the indicated pattern factor for conditions 2 and 3 rose to 0.18 +
0.02, One fuel tested this day was Jet A which had been tested several
other days as the startup fuel, Jet A-U. All other Jet A data (radiation
load, emissions, liner temperatures) were in agreement with values
previously obtained with Jet A-U. Hence, it was concluded that these
higher pattern factors were anomalous; inspection of the exit thermocouple
rakes indicated that, because of coolant leaks. some temperature
measurements were affected. Since the Jet A-U radiation load, liner tem-
perature and emission data were similar tc the levels obtained in previous
tests, the associated test fuel data were considered valid and included in
the analyses. These constant and relatively low levels of pattern factor
indiceted that all fuels were injected and distributed similarly. While
gross mixing patterns in the combustor would tend to smooth variatioms in
fuel concentration, experiences with other burners would indicate that the
low pattern factor values would not be achieved if significant maldistribu-
tions were present.

The combustion test data were acquired from a repetitive test cycle as
described in Section VI. Each test condition was established three times,
with three data points obtained for each setup to develop a set of nine
data points available for statistical &nalysis. A high degree of test con-
dition repeatability was achieved That is, the standard error for the
nine data point set was typically less thun 0.8 pct of the mean value of
inlet air pressure and temperature, air flow and fuel flow. Furthermore,
the conditions achieved very nearly matched the desired conditioms,
assuring that the data normalization process would impose small changes to
the measured data. Typically, the actual conditions deviated from the
target values by less than 0.9 pct. 4s a result of the care exercised in
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repeating test conditions, the combustor performance parameters were also
very consistent, with the following typical values of data set standard
error: radiation heat transfer, 2 pct; liner temperature, 0.3 pct; smoke
number, 1.5 units; exhaust particle size, 5 pct; and particle number
density, 25 pct.

The fuel effects data were acquired from tests performed on several
test days with multiple fuels evaluated each day. The day-to-day variation
and the variation during a test day of the combustor operation were small.
Figure 22 presents the dome radiation data acquired from combusting Jet
A-U fuel each test day prior to each test fuel. The abscissa has been
scalgd to reflect the relative atomization of the fuel according to the SMD
~ NN (b = 4.0) relationship developed in Section IV. During each test day
(each day is represented by a different symbol), the variation in the data
vas within 2 pct of the mean value. In general a day-to-day comparison
cannot be made since differing levels of atomization would be expected; as
indicated on the figure, over the range of nozzles used, more than a
three-fold increase in the SMD for Jet A-U was predicted. Since an SMD =
60 vm was measured for the fuel flowrate associated with Test Condition 1
and NN = 35 (Table 9), the SMD predicted for NN = 40 was 100 ym. This
droplet size was substantially larger than the calculated critical diameter
required to avoid fuel physical property influences. The rather slight
change in radiation level suggests that such large changes in SMD did not
occur. This could be true if airflow~induced secondary atomization
processes existed which resulted in high levels of atomization always being
achieved. Data were acquired for operation with the same nozzle (NN = 32)
on three test days. The daily mean values were within 5 pct of the mean
for all data with this nozzle.

Thrce case-mounted, narrow-angle radiometers were used to sense
changes in the axial distribution of the combusting gas radiation. One
device was aligned with a large combustion air hole in each of louvers 1,
2, and 3 (hence referred to as a liner radiation measuremerts). It is
important to note that these devices did not measure the total radiation to
the liner at the measurement point. The narrow view-angle (33.4 deg
included effective angle) limited the accepted radiation to omly 2.2 pct of
the potential hemispherical solid angle source. Hence, sssuming that the
radiative heat transfer was uniform over this view angle, the liner
radiation data were eipressed as a liner radiance (radiation filux density
per solid angle, kW/m“/sr). Figure 23 presents data typically obtained for
all test fuels. As indicated, the radiance increased in switching from Jet
A-U to ERBS and the radiance distribution shifted with changes in test
condition. The former behavior was expected because of the genmerally
poorer fuel chemicecl properties of ERBS--lower hydrogen, higher total
aromatics and naphthalene contents. The shift in radiance distribution
resulted from changing local fuel-air ratios as fuel flow was increased.
Table 18 presents a calculated equivalence ratio in the vicinity of each of
the first three louvers. These values are based upon the airflow
distribution determined from the combustor calibration activity assuming
that the stoichiometry is established by airflow from the upstream louver;
the air entering a combustion air hole was assumed to deflect downstream
and thus not dilute the mixture at that port. For Condition 1, the
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stoichiometry in the vicinity of louvers 2 and 3 was very fuel-lean
providing a rather non-luminous flow, while at louver 1 the equivalence
ratio was transitioning from the fuel-rich primary to a fuel-lean
condition. Hence, high radiance levels would be expected at louver 1 with
low levels for louvers 2 and 3. For Conditions 2 and 3, the extent of the
fuel-rich region and its average equivalence ratio grew; an increase in the
quantity of soot produced in the primary zone would be expected. The high
radiance levels measured at in louvers 2 and 3 indicate the presence of
carbon in these regions despite a local flow characterized by overall
fuel-lean stoichiometries. Apparently the higher levels of soot produced
in the richer primary zones persisted further in these regions before being
completely oxidized.

The liner radiance levels obtained for all test fuels are compared in
Figs. 24 and 25 for Test Conditions 1 and 3, respectively. The second
ordinate represents the equivalent, uniform full-hemispherical, radiation
flux required to produce the associated liner radiance. These values are
not the true liner radiation load since significant spatial variation of
the radiation source would be expected. Clear trends in the radiance
levels are evident. Importantly, these data confirm that the combusting
flow structure was not significantly altered by any of the test fuels.
That is, for Condition 1 (Fig. 24) the radiance in louver 1 was always
greater than in louvers 2 and 3. Furthermore, the variation imposed by
changing chemical properties was small compared to the difference between
louver 1 and louvers 2 and 3. Similar distinctive trends were evident for
Test Condition 3 (Fig. 25). Such trends could not be easily identified for
Test Condition 2 since the radiance levels were nearly constant (as
indicated in Fig. 23). However, it was plausible to conclude that since
the flow structures were not significantly affected by fuel properties for
Conditions 1 and 3 they also would not be affected for Test Condition 2.
This independence also affirmed that for each condition, every fuel was
similarly atomized and distributed within the burner.

Chemicel Property Influences

The influences of fuel chemical properties on the combustor behavior
were reflected by the dome radiation, liner temperature rise, exhaust smoke
number, and particle size and number density data. All of these data indi-
cated that the principle result of variation of the chemical properties was
to alter the quantity of soot formed in the front end of the combustor.
That is, fuels with a high indicated propensity to soot (i.e., lower smoke
point) produced high radiation heat loads and exhaust soot concentrations,
with correspondingly high levels of liner temperture rise and smoke number,
respectively. Data analysis indicated that the chemical property
influences on each of these operational parameters were similar. Further,
the influences determined at one test condition were similar to those
determined at the other two conditions. Therefore the following detailed
discussions of data will focus on one parameter, dome radiation, as docu-
mented at Test Condition 2; the general results for all three parameters at
all conditions are presented in a summary at the end of this section.
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Soot Formation in Combustors

Soot formaticn processes have been studied by many researchers;
several, comprehensive reviews of these efforts exist in the literature
(e.g., Refs. 31-33), All of these affirm that the detailed chemistry of
soot formation is not fully established. The general trends of sooting
propensity were established nearly three decades ago. For premixed
flames the increasing tendency to soot is (Ref. 34):

acetylenes < olefins < paraffins < benzenes < naphthalenes
while for diffusion flames the trend is (Ref. 35):
paraffins < olefins < acetylenes < benzenes < naphthalenes

It has been argued (Ref. 36) that these sequences do not reflect the true
influences of hydrocarbon structure slone, but rather are dictated by a
temperature-sensitive controlling mechanism. That is, the soot produced by
a fiame is a result of two competing mechanisms--formation of soot precur-
sors during fuel pyrolysis and oxidation of the precursors in the flame.
For premixed flames, both mechanisms exist, with the oxidation mechanism
increasing more rapidly than the formation mechanism as the temperature
increases. Hence soot production decreases with increasing temperature.
The order of increasing sooting tendency indicated above fcr premixed
systems corresponds to decreasing flame temperature, or equivalently, de-
creasing oxidation. In contrast, for diffusion flames, soot is formed in
the fuel-rich regions where the oxidation mechanism does not exist. In-
creasing temperatures enhance the pyrolysis rates and result in higher soot
levels. The above sequence for diffusion flames follows a higher flame
temperature--higher sooting tendency trend. While this separation of
coutrolling mechanisms may be correct (and hence the true influence of
hydrocarbon structure not represented by the above sequences), for systems
in which flame temperature is not controlled, the sooting temdency of

these hydrecarbon groups would correspond to the above trends.

Detailed studies of soot formation indicate that for the many types of
hydrocarvon molecules contained in avaition fuels, two principle soct
formation mechanisms are active [Fig. 26 (Ref. 37)]. For aliphatic hydro-
carbons (i.e., paraffins, olefins, acetylenes) oxidative and thermal
pyrolysis of the parent molecule leads to acetylenic-type compounds. It
has been suggested (Ref. 36) that these species undergo radical reactions
to forwm conjugated structures, stabilized by chemical resomance, which can
survive the high temperature regions of a flame. Such precursors subse-
quently proceed through nucleation and growth stages leading to soot parti-
cles. For aromatic hydrocarbons, fragmentations can occur at high
temperatures (above 1600-1800K) leading to precursor formation and reaction
as above. At lower tempe:atures, parent aromatic molecules can be pyroly-
zed to radicals which undergo condensation reactions. The resulting poly-
nuclear, cyclic structures would be favorable nucleation sites, with subse-
quent growth to soot particles. Multi-ring aromatic molecules could also
follow these paths, either fragmenting to provide soot precursors or
pyrolyzing to lead to nucleation sites. For multi-ring structures, it
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would be expected that the nucleation sites would be larger than tho:ze from
benzene-type molecules, representing an advanced step in the growth
process. In diffusion flames, where the fuel heating rate is slower than
the chemical reaction rates, pyrolysis would precede fragmentation and
hence the sooting tendency of aromatics would favor the condensation route.
This is comsidered to be the dominant route in the combustion tests
performed in this program.

Data Analysis Methodology

The data acquired in this program were analyzed to determine the in-
fluence of fuel chemical properties on the combustor, with the resulting
trends compared to those indicated by the sooting tendencies and
mechsnisms presented sbove. The chemical property influences were dis-
cerned from analysis of two sets of data--data from limited tests which
provided parametric variations in fuel properties, and data from all tests
to include the widest range of chemical properties,

Tests were performed with fuels offering parametric variation of
chemical properties in an attempt to isolate the influence of hydrogen,
total aromatics and naphthalene content. It is appropriate to recognize
which chemical constituents were actually varied as indicated by the
details of the fuel analyses (Table 5). The hydrogen content variation, at
constant total aromatics and naphthalenes, was principly achieved by
substitution of cyclo-paraffinic hydrocarbons for normal-paraffins. The
total aromatic content variation, at constant hydrogen and naphthalene
content, was achieved by substitution of various paraffinic hydrocarbons
for benzene-type molecules. The mix of paraffinic hydrocarbons in the fuel
with lower total aromstic content was also shifted toward multi-cycle
saturates in an effort to retain a constant hydrogen content. The
naphthalene coatent variation, at constant hydrogen and total aromatics,
resulted from exchange of benzene- and naphthalene-type molecules.

The data acquired from tests with all fuels were analyzed to discern
chemical property dependence of the combustor parameters for the wide
ranges of chemical properties offered by the twenty-five fuels.
Multi-variable regression analyses were performed. The limits of this
approach were recognized. That is, in performing regression analyses, one
attempts to determine the best finctional relationship between the
dependent variables (combustor performance parameters such as dome
radiation, smoke number, etc.) and the independent variables (fuel
properties such as hydrogen content, smoke point, etc.). Often several
relationships are formulated and evaluated. Unfortunately, since
regression analyses do not derive from first~-principle considerations, no
general guide is available for their formulation, and poor representations
of the data can result solely from assuming improper functions. The
quality of the data represeatation by & iunction was evaluated by using the
square of the correlation coefficient, R°., This term indicates the
fraction of ,the total variation in the data that is represented by the
function; R™ = 1 would denote & relation which perfectly tracks the
observed data. The functional expressions developed durigg this effort
wer2 good-to-excellent representations of the data with R > 0.7 alw'ys
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achieved and values greater than 0.9 often encountered. Hence, reasongble
functional forms were evaluated, especially for cases which achieved R >

0.9. Furthermore, because of these R2 values and the large number of test
fuels, the correlation coefficients were statistically significant, with
distinct correlations obtained to a confidence level exceeding 0.99. The
fuel property regression equation was limited to include exponentia:;
functions of fuel properties such as:

combustor parameter - HCIACZNC3

where: H, A, N represented the percent hydrogen, total aromatics and naph-
thalene contents, respectively, and Cl, C2, C3 were constants optimized
during the regression process. Several fuels had total aromatic or
naphthalene contents near or equal to zero. The above expomential form
could not be used in regression analyses for fuels with zero concentration
and, for fuels with low concentrations, was susceptible to large error be-
cause of the uncertainties in the property analyses. For such instances,
the fuel property was expressed as the difference from total concentration
(e.g., 100~N). Among the several fuel property functions evaluated were:

(1) HCI
(2) sp¢?

(3) 8%1a%? (100-m)3

with H, A, N as above, and SP denoting fuel smoke point. These forms were
evaluated ip an attempt to both globally represent the combustor parameter
response to chemical property variations and to discern particular fuel
property influences.

Detailed Analysis of Dome Radiation Data

The radiation on the dome of the ~ombustor was determined by use of
two transpiration radiometers. These cevices (described in Section V) were
mounted to place their sensing element flush with the combustor liner and
hence received the total (i.e., full hemispherical) radiation to that
location of the dome. One of these two radiometers performed consistently
throughout the test effort, providing repestable values for tests with Jet
A-U fuel and duplicating the initial calibratinn. The data acquired with
this device (referred to as QDOMEl in Table 14, the Appendix Data Tables,
and Comprehensive Data Report) were used to determine the fuel chemical
property influences on radiation. T*2 second radiometer was mot comsistent,
with values either higher or lower than QDOMEL obtained; the calibraticn
was not repeatable. Hence these data were not analyzed.

The varistions of dome radiation for the several test fuels are
represented in Figs. 27 to 29 which display the data in terms of fuel
hydrogen, total aromatics or naphthalene content, respectively. Clear and
expected trends are observable in each figure, with increased radiation
levels obtained with lower chemical quality fuel. Used in this manner,
each of these properties is treated as a global indicator of the fuel
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property influence. That is, the depicted hydrogen content dependence
(Fig. 27) also reflects variations in both total aromatics and
naphthalenes; it does not represent the influence of hydrogen content
alone. Similarly the total aromatics and naphthalene representations
include the influence of all other chemical property variations. As noted
earlier, aromatic hydrocarbons (benzenes and naphthalenes) display a high
propensity to soot. Hence it would be expected that increasing concentra-
tions of these species would promote greater soot concentrations, raising
the emissivity of (and consequently radiative heat transfer from) the
combusting medium. The range of the hydrogen :ontent variation principally
resulted from the range of the of benzene and naphthalene content
variations. Since these hydrocarbons have relatively low hydrogen content,
increasing concentrations of them reduced the fuel hydrogen content; hence
increased aromatics increased the radiation heat load while reducing the
reduced hydrogeun. Of these three, the hyd.ogen content representation
correlated the data better than either tocal aromatice or naphthalene
content. Significant scatter is observed in Fig. 28 indicating that total
aromatic content does not properly represent tue chemical property
influences. Naphthalene content correlated the data well except for two,
low naphthalene fuels--tetralin and xylene tower bottoms (XTB). Tetralin
is a double-ring molecule produced by saturating onme ring of naphthalene.
A principle pyrolysis product of tetralin is naphthalene (Ref. 38) and
therefore in the diffusive burning environment of the combustor, tetralin
likely behaves as a high naphthalene content fuel. Indeed, the radiation
level measured for tetralin was slightly greater than obtained for BLS, a
fuel with a naphthalene content of 30 pct. The XTB fuel consisted of 100
pct benzene-type hydrocarbons. High sooting rates would be expected, and
based on acquired data, were achieved. Hence naphthaleme contant alone
could not be expected to fully correlate all data.

It is noted, however, that the chemical properties of tetralin and XTB
were exceptional. Both were from the specialty products class of fuels,
.ith each composed entirely of a single hydrocarbon-type molecule.

Further, each of these hydrocarbons had a high propensity for sooting.
Twenty-one test fuels had compositions which included mixtures of single
ring and multi-ring aromatics (two other specialty product fuels were
purely paraffinic, decalin and UTRCl) which spanned the ranges: total aro-
matics, 2.5 to 76 (vol) pct and naphthalenes, 0 to 29.7 (vol) pct. Data
from tests with these fuels dominate the trends depicted in Figs. 27 to 29.
It is apparent that for these 21 fuels the naphthalene content was a
stronger influence on the radiative heat load (and hence on the soot
formation) than the total aromatic (or by difference, the single-ring
aromatic) content of the fuel. Furthermore, the dominance of naphthalene
content was established despite its content being a minor portion of the
total aromatics. Again, radiation levels for ERBLS3 with 30-pct
naphthalene content (76-pct total aromatics) were comparable to a 100 pct
single-ring aromatic fuel (XTB).

As stated above, considering all fuels tested, hydrogen content was a
better global indicator of the chemical property influence than total aro-
matics or naphthalene content alone. Figure 30 depicts the variation in
dome radiation with an acknowledged global fuel specification parameter,
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smoke point. The data were well correlated by this parameter. In fact,
regression analyses indicated that smoke point correlated the data better
than hydrogen content:

radiation - H-1'65, R2
-0.6 2
, R

0.87
0.93

radiation ~ SP
The latter regression is depicted in Fig. 31.

As discussed by others (e.g., Ref. 39) the smoke point is a good indicator
of the sooting tendency of a fuel. Hence the quality of the data fit is
consistent with the premise of changing chemical properties principally
affecting soot formatiom.

The influence of specific chemical properties was pursued by
examining the results of the parametric variation tests and of further
regression analyses of all data. Results from the parametric variation
tests are presented in Fig. 32 (which is an enlarged section of Fig. 27).
Mean values of the nine-point data set are depicted with brackets
indicating the extent of the data set standard error. The values in
parentheses are the hydrogen, total arowatics and naphthalene contents,
respectively., The following fuel combinations comprised the property
variations: hydrogen--ERBS and 7A; total aromatics--ERBS and 8A; naptha-
lene--ERBS, 9A and 9B.

A relatively minor change in dome radiation was attained for the
hydrogen content variation. The mean value did increase with reduced
hydrogen content, but the overlapping limits of standard error prohibit
precise definition of the influence. Indeed, the error limits allow the
possibility of no influence of hydrogen content on radiation. While the
variation of hydrogen content might appear to be small (0.75 pct point), it
does represent 70 pct of the difference in hydrogen contents of Jet A rad
ERBS. Hence these results indicate that despite a significant variation of
hydogen content (at constan. single- and multi-ring aromatic content), no
statistically significant change in radiation would be expected. This
result is conmsistent with the actual fuel composition variation achieved in
these tests. As indicated above, the hydrogen variation arcse from
exchange of normal- and cyclo-paraffins. Both of these saturate: have low
sooting tendeuncies and hence no significant combustor influence would be
expected. This observed indenendence of radiation on purely hydrogen con-
tent emphasizes the global character of representations like that depicted
in Fig. 27. Used in this r~anner, hydrogen content variation represents a
variation of species more fundamental to the sooting piocess.

The doms radiastion level also did not significantly vary for tests
performed with fuels offering a parametric variation of total aromatic
hydrocarbons. That is, despite a substantial reduction in this property,
the mean value of radiation reduced only slightly, with the limits of
standard error overlapping. The total aromatic variation was achieved by
exchanging saturated hydrocarbons for single-ring aromatics. Hence the
data indicate that benzene-like structures did not strongly contribute to
the radiation load. This result is in contrast to the high radiation
levels indicated earlier (Fig. 29} for XTB, and the well established
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sooting propensity of benzene-type molecules. The difference in these
results may be due to the naphthalene content in the fuels. That is, the
variation in total aromatics was achieved at a constant naphthalene content
of 13.5 pct. As discussed previously it appears that naphthalenic
hydrocarbons present a dominant influence on the sooting process. At the
13.5 pct level, these structures may have overridden the single-ring
variation. Another total aromatic parametric variation was achieved in
tests performed with fuels ERBLS1 and UTRC38, both of which possessed a
naphthalene content of approximately 15 pct. Again, no significant
influence of total aromatics was observed. Further definition of the
influence of these hydrocarbons was sought via regression analyses of data
acquired for all fuels; these results are discussed below.

Substantial increases in the dome radiation were observed for para-
metric increases in the fuel naphthalene content over a range comparable to
the difference in this property for Jet A and ERBS. Since total aromatic
content was held constant, reductions of naphthalene content resulted from
substitution of single-ring aromatics for double-ring naphthalenes. Thus,
the lowest naphthalene content fuel, UTRC 94, had the highest concentration
of benzenes in this fuel sequence, while ERBS had the highest naphathelenes
and lowest benzenes. The radiation level followed the naphthalene trend,
and hence decreased for increasing single-ring aromatics. This behavior
again demonstrated the importance of naphthalene conten:, reaffirming them
to be more influential than the benzenes. These data also indicate that
the naphthalene influence was non-linear. That is, most of the total
increase in radiation occurred for the first half of the total naphthalene
content change. Therefore slight increases in a low naphthalene content
fuel could result in disproportionate increases in sooting tendency, and
consequently in the radiztion load.

Regression analyses were performed to discern specific chemical
property influences. Generally, data from tests with all fuels were used
to cover the wides range of fuel propertycyaEiation. Cgesults from analyses
using a three property parameter [i.e., B "A"“(100-N)""] indicated that
total aromatic content was not a significant correlating term; the data
were tracked equally well with or without its inclusion. The following
two-property parameter, which embodied both hydrogen and naphthalene
wontent was the best representation of the data (See also Fig. 33):

radiation - B 1°2(100-0)70%, g% « 0.93

Four important features of this correlation were noted. First, both
fuel property terms contribute significantly to the predicted change
of radiation. For example, for the property changes associated with Jet A
and ERBS fuels, half of the predicted radiation increase is attributed to
the hydrogen content decrease and half to naphtha'ene conteat increase.
Second, this correlation does not fully prescribe the influence of specific
chemical properties. As previously discussed, the change in hydrogen
content is & global indication of a more fundamental hydrocarbon-type
change. Its presence in this correltion compensates for many unknown
chemical features such as the apparent interactive influence of benzenes
and naphthalenes. The regression analyses did, however, discern the
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important influence of naphthalenic hydrocarbons. Third, the quality cf
this correlation was equal to that for a smoke point correlation, both of
which were superior to a solely hydrogen content correlation. Hence, while
naphthalenes are recogni.ed as an important chemical property class,

smoke point-—-an existing fuel specification paraweter--appears to properly
prescribe the influence of fuel chemical properties. Fourth, none of the
correlations was a perfect fit to the dats. Hence, for any two fuels the
three functional relationships-—-nydrogen, smoke point, hydrogen and
naphthalene--may overpredict, u.derpredict or perfectly-predict the

changes evidence. by data. For example, the parametric property variation
test results indicated that naphthalene content variation was principly
responsible for the difference in radiation for Jet A and ERBS. Nore of
these three correlations reflects such a strong influence and hence all
underpredict the change in radiation. A user of regression analysis results
ought to recognize the implicit assumption that the trends established by

a large data set (e.g., twerty-five fuels) are more reliable than trends
indicated by a,subset (e.g., two fuels) of the data. For a perfect
correlation (R® = 1), this issue is academic; for non-perfect (i.e.,

realistic correlations) this issue magnifies as the departure from R™ = 1
grows.,

As asserted above, the chemical property influence on dome radiation
was similar to the influence discerned for exhaust scot. It was con-luded
that the unifying influence on both was the level of soot produced in the
dume region of the combustor--increased soot producing higher emissivities
and hence greater radiation heat loaas, and increased soot prrviding a
higher source concentration prior to its oxidation down to combustor
exhaust levels. In general, radiation heat transfer depends on both the
medium emissivity and its temperature. Since the calculated combustion
temperature of a fuel depende on its composition, with generally increasing
levels obtained for decreasing hydrogen content, a significant variation
in radiation might be expected only because of a temperature variation.
However in the test combustor, continuous radiation from soot particles
represented a major portion of the total radiative load and the temperature
of these particles may not be equal to the combusted gas temperture. That
is, the combustion of these particles will be controlled by diffusion of
oxygen to the surface, with the particle temperatures dominated by
stoiochicmetric carbon oxidation, modulated by the concentration of
oxidizer in and radiation exchange with the neighboring media. Temperature
measurements in the primary zone of aunother model combustor (Ref. 40) using
the Rurlbaum techuique indicated only a very small temperature change of
the radiating source despite significant changes in fuel chemical
composition. Further, the temperature levels measured were esseatially
independent of the combustor fuel-a’—- ratio. These observations support
the concept of soot forming in a di.tusion flame zone, and hence always in
near-stoichiometric fuel-air mixtures, and that the particles radiate at
temperature levels associated with soot oxidation. If it is assumed in the
present program that the radiation source temperature also did not vary
with fuel composition or overall fuel-air ratio, then the observed changes
in radiation level must be attributed to changes in emissivity, and hence
from changes in chemical property induced soot productisn. This situation
is consistent with the ohserved similarity of chemical property dependences
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for the dome radiation and exhaust soot data. The emissivity levels can be
determined only if a temperature of the soot particles is assumed. The
measurements of Ref., 40, adjusted to the combustor inlet air temperature of
the current eff-:., indicate this temperature to be 2250K. Using this
value, and a Stefag- Boltzmann relationship, the black body radiation level
would be 1450 kW/m~ and the emissivity for any measured radiation level:

emissivity = dome radiation/1450

The data acquired spanned the general range of 300 to 700 kW/m2 indicating
a corresponding emissivity range of 0.2 to 0.5.

Summary of Chemical Property Influence

_tavrs -t et i Al e Yt e

Influences of fuel chemical properties were also evident in the liner
temperature rice and exhaust smoke number data.

The liner temperature rise parameter analyzed was the difference
between the combustor inlet air temperature and an average of ten liner
thermocouples. The data obtained from the case-mounted radiometers indi-
cated that the chemical property effects were concentrated in the dome and
first three louver reypions of the burner. During the test program, several
of the original 39 liner thermocouples failed because of thermal or
mechanical stress. Therefore, the ten measurements used in the analyses
were confined to the dome and first three louver regions, and used thermo-
couples which existed for all tests. Eight of these were located either on
the dome or at the first axial position (slightly downstream from the
louver lip) on louvers 1, 2, or 3. The metal temperatures for these eight
locations would be influenced more by changes in the radiation heat
transfer than by changes in convective heat transfer. Hence the tempera-
ture rise parimeter used reflected changes in the radiation heat load.

The smoke number data were obtained from three, ganged, smoke probes
at the combustor exist. Data acquired for any fuel indicated that the oxi-
dation mechanisms within the secondary zone of the combustor dominated the
soot produ..’ ion mechanisms in the dome. As shown for ERBS fuel in Fig. 34,
as the combustor exit temperature increased (because of increased overall
fuel-air ratio) the smoke level decreased, despite an increasingly
fuel-rich primary zone. As observed for the radiation data, there was not
a significant influence of fuel nozzle size (for the range of nozzle
numbers used in this program) as smoke numbers for Jet A-U fuel were
similar for all injectors, except for smoke numbers acquired on a second
test day using a NN=32 nozzle. That is, data were acquired with this
nozzle on two test days. On one day the Jet A-U smoke numbers were consis-
tent with values obtained cn other test days (with other nozzles) while
values acquired on the other test day were lower. This difference was be-
lieved to result from a bias on samplecs acquired the second test day.

Since other combustor parameters were similar tor both days, it appears
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that the bias was associated with the sampling process. The smoke numbers
acquired for the six fuels on the second day were adjusted by use of data
acquired for Jet A-U. In particular, the test fuel smoke numbers were
scaled in proportion to the ratio of the Jet A-U data acquired the second
test day to the Jet A-U data normally acquired.

The influence of chemical properties on the liner temperature rise
and exhaust smoke number were similar to those observed for the dome radia-
tion. (Figures A-1 to A-8 in the Appendix present the variation of these
parameters for Test Condition 2.) The variations of each were globally
represented by the fuel smoke point which was again found to be a better
correlating parameter than fuel hydrogen content alone. Plots of the
combustion parameters indicated that total aromatic content did not
properly represent the chemical property influence while naphthalene
content was an important influence. As discussed for the dome radiation,
the liner temperature rise and smoke number data for tetralin and xylene
tower bottoms were not correlated by fuel naphthalene content. Results
from tests with fuels offering parametric variations of chemical
properties indicated that changes in either hydrogen and total aromatic
contents did not significantly affect either the liner temperature rise or
smoke number. The former result reflected the pure influence of hydrogen
content, and not an apparent influence because of cuanges in sooting
hydrocarbon structures. The insensitivity of the combustor parameters to
total arnmatic content is believed to be associatd with the level of naph-
thalenes present in the fuels, as discussed in the presentation of the dome
radiation data. Regression analyses of dita from all fuels again indicoted
that total avomatic content was not a sta.1stically-significant term in the
correlaition parameters investigated. The best correlating parameters
embodied two fuel properties, hydrogen content and naphthalene content, and
hence were improved global representarions. This feature is depicted in
Fig. 35 which displays the excellent correlation vetween liner tempnrature
rise and the two pruperty parameter. That the best correlation parameter
included fuel naphthalene content re-affirmed the importance of this
property.

Table 19 presents results from regression analyses of the dome radia-
tion, liner temperature rise and smoke number data for all three test
conditions. These results were obtained from regressions performed in the
logarithm plane [i.e., log (dome radiation)] and hence differ slightly
from results presented previously which were optimized in the real plane.
For each variable, each regression parameter tracked the data similarly for
all three test,conditions; only a small variation in the expoments (Cl, C2)
and quality (R”) was observed. The similarity of the chemical property
influence on the radiation, liner temperature rise and smoke number data
discussed above were also reflected in these regression analyses by the
exponent quotient, C1/C2. The small variat:on indicated that hydrogen and
naphthalene contents had the same relative influence on these three
combustor parameters.

A characteristic size and number density of the soot exiting the
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burner on its centerline were determined from light scattering measure-
ments. Data tvpically obtained for these measurements are depicted in
rigs. 36 and 37. As indicated, the particle size was inrvariant to
operating condition, with an 0.22 + 0.02 um particle size being indicated.
Indeed, the particle size determined for tests with any fuel, at any con-
dition, was within these limits. This interesting result was not dictated
by the measurement technique as its sizing sensitivity has beem
demonstrated in a laboratory set up over a particle size range of 0.09 to
0.50 ym. As used, the measurement technique identified a single particle
size assumed to be representative of a size distribution. However, light
scattering signals are greatest for large particles, implying that the
characteristic size is biased toward the larger particles of the
distribution. Hence, the data indicate that a significant quantity of 0.22
um particles existed fcr all fuels, for all conditions. The sizing
sensitivity of the scattering arrangement used would not be strongly
responsive to variations of the smaller particle sizes. Characteristic
sizes simile~ to those observed in this program have been determined using
optical techniques for a variety of other burners ranging from a
ramjet-type dump combustor (Ref. 41) to a laboratory mono-disperse spray
flame (Ref. 42). 1In those instances (as well as in the present study) the
particles were far removed from the soot generation region and therefore,
as discussed in Ref. 42, likely were mature agglomerates of large numbers
(600-3000) of primary soot spheroids. The constancy of the particle size
indiated that it results from fundamental soot growth mechanisms in times
short compared to those offered by a wide variety of burners with little
(if any) regard for fuel-type.

The soot particle number density decreased witn increasing combustor
exit temperature, again indicating a vigorous oxidation mechanism in the
burner secondary zoie. As observed for smoke number, the number density
responded to the fuel chemical properties, increasing for fuels with
greater propensity to soot (i.e., decreased smoke point). The constancy
of particulate size implied that a relation existed between soot num. er
density and smoke number. Regression analyses for these data, for ail
fuels at all test conditions, resulted in the correlation depicted in Fig.
38:

0.082

log. N = 4.9 SN , RZ = 0.83
10

where N = Number density and SN = Smoke Number

While the quality of the correlation is only fair, the standard error of
the number density data indicated that further improvement was not
warranted. While a clear trend is indicated for the smoke number range
evaluated, it ought to be recognized that the trend must change for very
high smoke numbers. That is, by definition, the maximum smoke number is
100. Therefore, in the coordinates of Fig. 38, the number density must
approach this limit with a vertical asymptotic character.

Soot was clearly being oxidized within the burner. Direct
observations within the burner using a fiber optic probe [activity
conducted under a NASA contract immediately subsequent to the experiments
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of this program (Ref. 43)] documented that the highly luminous, strongly
radiating media in the dome became transparent by the burmer exit. The
axial distribution of radiation (Fig. 23) also documented this feature.
Soot formation and growth were limited to regions uncar the dome as farther
downstream the glcbal equivalence ratio rapidly became fuel-lean. The
particle size and number density trends would indicate that the initial
soot number density was respoasive to the fuel sooting tendency, with
decreasing concentrations along the burner because of oxidation. Data do
not exist to determine how the particle size varied. It would be expected
tihat small particles would be rapidly oxidized in accordance with the
"d-squared'" law, with larger particle sizes reducing more slowly.

Combined, these processes could result in significant reduction in soot
wvhile retaining sufficient numbers of larger particles to be interpreted as
a nearly constant particle size. Additional investigations are required to
acquire data on changing soot physical properties within a practical
combustor.
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SECTION VIII COMBUSTOx TEST RESULTS: CONFIGURATION-EFFECTS

A limited number of combustion tests were performed in an attempt to
determine changes in fuel chemical property influences because of changes
in the combustor airflow distribution. Two combustor configurations were
evaluated, one providing a reduced primary zone airflow and another
providing a greater airflow than the baseliine burner used for the
fuel-effects tests. These two burners are described in Section III. At
the same overall fuel-air ratio, these combuctors provided a leaner or
richer primary zonme equivalence ratio (¢p), respectively, than the
baseline because of the altered airflow distribution. Tests were performed
at the three conditicns defined in Table 16, resulting in the ¢ variation
indicated in Table 8. Note that the adjectives "lean" and "ricR" are used
in a relative sense. The primary zone was fuel-rich for all tests. Data
were acquired in tests with three fuels (in addition to Jet A-U): ERBS,
ERBLS2 and xylene tower bottoms (XTB). Because of the relatively few
variations (two configurations, four fuels) regression analyses were not
performed. Instead, general data trends were sought which permitted
interpretation of the configuration influences.

General Combustor Operation and Airflow Interaction

Both combustor configurations performed conmsistently, attaining a 99.9
percent combustion efficiency for all tests. Data acquired with Jet A-U
prior to combusting each test fuel were repeatable. The combustor exit
temperature pattern factor (PF) was nearly constant for each configuration,
but varied between configurations. For the baseline burner values for Test
Conditions 1, 2, and 3 were nominally 0.12, 0.13 and 0.14, respectively.
For the lean configuration, values higher than the baseline were achieved
(PF = 0.17, 0.19, 0.23) while lower values (PF = 0.09, 0.09 and 0.10) were
observed for the rich configuration. This trend was a result of the
technique used to alter the airflow distribution. The lean configuraticn
was achieved by opening each of the six combustion air holes in louver 1
while closing the corresponding holes in louver 5. Hole diameter changes
were specified to maintain a constant liner open area, or equivalently,
constant liner pressure loss. Therefore, while additional airflow was
admitted to the primary zone, lesser airflow was available for tertiary
zone injection. Furthermore, the smaller diameter downstream holes reduced
the penetration of this airflow into the core flow. These two effects
reduced the mixing level and resulted in the observed increase in pattern
factor. The opposite trends held for the rich combustor configuration.
Less primary zone airflow provided greater tertiary zonme flow, resulting in
greater mixing and reduced pattern factors. This interaction of primary
zone airflow and tertiary zonme mixing was unavoidable for the simple
~ombustor configurations used.

The changing tertiary zonme mixing behavior could significantly alter
the chemical property influences discerned in the fuel-effects tests. For
example, Fig. 39 depicts the smoke number data acquired for Test Condition
2 for each configuration. The fuel property variation is represented by
the smoke point. For this condition ¢ varied from 1.2 to 1.55. While the
expected trend of decreasing smoke numger for lower scoting tendency fuels
(i.e., higher smoke point) is observed, the ¢p influence is opposite the
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expected trend. That is, richer primary zones did not produce greater
exhaust soot. This contradiction is apparently the result of the tertiary
zone mixing behavior described above. Data for the highest ¢ were
acquired from use of the rich burner configuration, the devicB with the
greatest tertiary zone mixing, while cdata for the lowest ¢_ were obtained
with the lean combustor. The low smoke number values fromPthe rich
combustor indicate that the vigorous mixing enhsnced soot burnout, a
behavior consistent with the strong oxidizing tendency noted in the
fuel-effects test phase. In those tests, it was observed that exhaust
smoke levels decreased with increasing overall fuel-air ratio despite
corresponding increases in the rich primary zone equivalence ratio. In
that case, the higher combustor exit temperatures promoted oxidation
processes which overcame the enhanced soot production in the primary zone.
For these configuration-effects data, the average combustor exit
temperature was equal for all three burners. The improved (i.e., lowered)
pattern factor indicated that fewer low temperature (and hence weaker
oxidizing) regions existed, resulting in greater soot burmout. The
opposite trend was true for the lean combustor. Despite primary zone soot
production levels lower than expected for the baseline, the lean burner
produced equivalent or greater exhaust soot concentrations. The degraded
mixing of this device rendered it inefficieat at consuming the soot.

These data indicate that the rapid increase in soot emissions from use
of poor chemical quality fuel can be offset by enhanced particle burnout.
Uniformly high tertiary zone tempertures are optimal. If this condition is
achieved, a reduced chemical property influence can be experienced as
evidenced by the relatively small smoke nuaber variation over the range of
sooting propensities offered by XIB to Jet A,

Configuration Influences in the Primary Zone

The influence of changes in the combustor configuration on the primary
zone were represented by the dome radiation data. Two types of influence
were investigated: influence of variations of primary zone equivalence
ratio (¢ ) at a constant test condition, and influences of variations of
test conflition for constant ¢ . Data for the former case were obtained
from tests with each configurgtion operated to provide identical combustor
exit temperatures for each fuel (i.e., nearly identical fuel flowrates).

In the latter case, datas were acquired in tests with the three
configurations operating at compensating conditions to achieve a nearly
constant ¢ . Hence, both the configuration and the test condition varied
in this sefuence. These two variations can be viewed as variations along a
column or along a positively-sloped diagonal, respectively, of the ¢

values contained in Table 8.

Datas representing the influence of ¢ on the dome radiation level for
Test Condition 2 are presented in Fig. 408  The open symbols denote the
normalized data acquired for the fuel variation represented by smoke
point values. Radiation levels for the lean burner were consistently
higher than for the baseline, while lower values were obtained for the rich
configuration. Identical trends were obhserved for data obtained at Test
Conditions 1 and 3. If all of the radiation heat load was produced by soot
formed in the primary zome, the opposite trend could be expected. That is,
as discussed previously, the soot appears to radiate at a relatively con-
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stant temperature because it is oxidized in a diffusion flame structure.

Richer ¢ could be expected to produce higher soot concentrations, result-
ing in hggher emissivities and heat loads,

The observed trend in dome radiation suggested that a temperature
responsive effect was present. In particular, while the soot temperature
was insensitive to the equivalence ratio, the gas temperature was not. A
UTRC exponential wide-band model was used to calculate the radiation level
for the equilibrium gaseous species concentration which would exist for
each primary zone equivalence ratio. These gaseous radiation levels were
used to adjust the data to the values shown as solid symbols in Fig. 40,
which represent the variation of particulate radiation for differing ¢
fuel properties. The expected radiation increase for increased fuel
sooting terndency is apparent. Of more interest, however, is the indicated
insensitivity of this radiation to equivalence ratio. This feature is
attributed to the constancy of the fuel distribution resulting from use of
the same fuel flowrste (for any fuel) with each configuration.
airflow was varied for each configuration to produce the ¢_ change.

However the swirler surrounding the injector was not alterBd and the liner
pressure loss was held constant by specifying compensating hole diameter
changes in louvers 1 and 5. Therefore, the airflow expected to impose the
principle influence on the fuel spray was invariant. It appears that while
the globa' equivalence ratio did vary, the fuel pattern (or equivalently
the fuel concentration) did not. Hence the diffusion flame structure in
the primary zone would remain comstant producing similar soot levels for
these configurations. Gaseous combustion products apparently did mix with
the primary airflow, with greater radiation loads produced in the higher
tempersture, lean burner (¢ = 1.2) than for the baseline configuration.
Differing levels of dome raliation were observed for equivalence ratio
voriations in the fuel-effects tests. In those instances, however, the
variation was achieved by altering the fuel flowrate. These
configuration-effects results indicate that the fuel-effects ¢_ influence
likely resulted from a differing fuel distribution in the primgry zone.
Unfortunately, data do not exist to specify this alteration. Such a change
is a real effect, however, that could be experienced in other burners usiny
pressure-atomizing injectors. Combustors using air-blast nozzles would be
expected to show less sensitivity to his pheuomenon as the fuel distribu~
tion would be dominated by the airflow patterns. It is restated that at
any one condition, the combusting zone structure was similar for all fuels.
Therefore data acquired at any condition could be consistently compared for
fuel-effects or configuration-effects. The alterations imposed by changing
fuel flow invalidate similar analyses of data from multiple conditions.

and

The primary

These configuration-effect test results also indicate that the global
value, ¢ , does not always adequately represent the important features of
the prim&ry zone. For the configuration-effect tests, radiation levels de-
creased with increasing ¢ ; in the fuel-effects tests, radiation levels in-
creased with increasing ¢p. The manner in which the variation was achieved
dictated the result. ThiB feature is further illustrated in the data
presented iun Fig. 41, which depicts the variation in dome radiation for
changes in test condition but at an approximately constant primary zone
equivalence ratio. Differing levels of radiation were observed,
re~affirming that ¢_ does not fully describe the primary zone behvior. The
data were acquired Prom tests with the three configurations. However, each
was operating at a different test condition and, consequently, at a
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different fuel flowrate. Fuel distribution differences likely existed,
resulting in the observed spread in radiation heatload. Note that the
highest radiation levels were consistently achieved for the lean burner
which operated at Test Condition 3. The highest dome radiation levels in
the fuel-effects tests were also obtained at this condition but with a
glebal value of ip = 1.7. 1Indeed, the levels obtained for the $, = 1.4
tests were higher (as indicated by the comparison on Fig. 4l) because of
greater gaseous radiation. This influence is idertical to that
demonstrated in Fig. 40, and indicates that the concentraticn of any
individual fuel is a strong influence in determining the combustor
radiative heat load. For each configuration (or equivalently at each
condition), the data for all fuels follow nearly identical trends. That
is, the fuel chemical property influence for each configuration was
similar, the same result observed in the fuel-effects tests.
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SECTION IX CONCLUSIONS AND RECOMMENDATIONS

Based upon the data acqui+ved in the combustion test program the

following conclusions have been made:

1.

The infiluence of changes in fuel chemical properties on a gas turbine
combustor are properly represented by changes in the fuel smoke point,
a specification parameter.

Fuel naphthalene content is a strong contributor to gas turbine
combustor radiative heat load and exhaust soot emissions.

The size distribution of the aggloumerated soot particles exiting a gas
turbine combustor is adequately represented by a characteristic size
of 0.2 um. This size does not depend on fuel chemical properties.

The strong oxidizing character of a gas turbine combustor can be used
to offset potentially increased soot emissions from use of a lower
chemical quality fuel if high mixing rates are achieved in the
secondary and tertiary zones.

Fuel concentration patterns in a gas turbine combustor primary zone
strongly influence the quantity of soot produced, and therefore alsc
the radiative heat load.

Fuel oxidiation in the primary zone of a gas turbine combustor is
controlled by diffusional processes and is therefore not always well

represented by a global equivalence ratio.

It is recommended that investigations be conducted to address the

following technology needs as indicated in this program:

1.

2.

Development of fundamental mechanisms and models of soot production
from aviation~type fuels.

Data to document the soot particle size, size dirtribution and number
density within a gas turbine combustor.

Data to quantify the contribution of single-ring aromatic structures
to fuel chemical property influences on a gas turbine combustor.

Data to separately define the fuel chemical and physical property
influences on a gas turbine combustor at low-power operation.

Data to identify changes in chemical property influences associated
with the use of air-blast fuel injectors in gas turbine combustors.

Development of models and acquisition of data to determine the
atomization and distribution of fuel sprayed into a gas turbine
combustor operating at a high-power condition.
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10.

11.

12,

13,

14.
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Fuel

TABLE 3 - Parametric Variations of Chemical Properties

Component (vol fraction)

Hydrogen Variation

CRBLST

UTRC 2A

ERBS
UTRC 7A

ERBs (0.79)

Blending Stock (0.21)

JP7 (0.533)

Methyl naphthalenes (0.175)
Xylene tower bottoms (0.189)
Decalin (0.103)

ERBS (1.00)

JP7 (0.660)

Methyl naphthalenes (0.149)
Xylene tower bottoms (0.118)
Decalin (0.073)

Total Aromatic Variation

ERBLST
UTRC 3B

ERBS
UTRC 8A

As above

Jet A (0.60)

No. 2 (0.10)

Methyl naphthalenes (C.15)
Decalin (0.15)

ERBS (1.00)

JP7 (0.75)

Methyl naphtha.enes (0.15)
Decalin (0.10)

Naphthalene Variation

ERBS
UTRC 9A

UTRC 3B

ERBS (1.00)

Jet A (0.50)

JP7 (0.20)

Xylene tower bottoms (0.20)
Decalin (0.10)

Jet A (0.40)

Nc. 2 (0.45)

ERBS (0.10)

Xylene tower bottoms (0.05)

Blend Prope. ties
Aromatic Naphthalenes

H (wt pct) (vol pct) (vol pct)
12.35 38.4 16.6
11.87 34.9 16.0
12.95 28.4 13.5
12.53 26.2 14.9
12.35 38.4 16.6
12.41 24.9 14.5
12.95 28.4 13.
12.64 16.5 13.4
12.95 28.4 13.5
12.89 30.7 1.5
13.70 30.1 7.3
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TABLE 5 - Fuel Analyses

(continued)

Hydrocarbon Type by Mass Spectrometry (wt pct)
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Section

Dome

Louver 1

Louver 2

Louver 3

Louver 4

Louver 5

Louver 6

TABLE 6 - Ccmbustor Open Area Distribution

Cooling
(8 rings)

Cooling
Combustion

Cooling
Combustion

Coaling
Compustion

Cooling

Cooling
Combustion

Cooling

Number

60
60
60
60

Area Distribution
Diameter (mm)

1.78
1.47
1.47
1.09

- - s Awe =

Area (cm

2.96
7.13

2.96
7.13

2.96
7.13

2.96

1.48
7.13

2



TABLE 7 - Liner Effective Area Distribution

Effective Awa (cmz) Percent of Total
Section Individual Adjusted (with Swirler)
Dome Cooling 3.2 3.0 8.1
lLouver 1 Cooling 2.65 2.5 6.8
Combustion 4.90 4.6 12.5
Louver 2 Cooling 2.65 2.5 £.8
Combustion 4.9] 4.6 12.5
Louver 3 Cooling 2.57 2.4 6.5
Combustion 4.76 4.5 12.2
Louver 4 Cooling 2 81 2.6 7.1
Louver 5 Cooling 1.25 1.2 3.3
Combustion 4.90 4.6 12.5
Louver 6 Cooling ~.40 1.3 3.5
Sum of Components 36.0 33.8 91.8
Measured Total Liner 33.8
Swirler 3.0 3.0 8.2

Total Liner with Swirler 36.8 36.8 100.0

A e e ——— - e e s 2 P e e Gp e e o = o
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TABLE 8 - Primary Zone Equivalence Ratio
Variation for Jet A

Overall Fuel-Air Ratio 0.C15 0.018 0.022

Overall Equivalence Ratio 0.22 0.26 0.32

Combustor Configuration (Airflow Split) Primary Equivalence Ratio

Lean (0.23) 0.98 1.18 1.44
Baseline (0.195) 1.18 1.42 1.74
Rich (0.17) 1.31 1.57 1.92

e
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Fyel

JF4-S
JP4-A
UTRCT
JP4
AFAPL
GMSO
Jr7
UTRC 9A
JP5

Jet A
UTRC 7A
UTRC 8A
UTRC 2A
DF2

XTB
UTRC 98B
ERBS
UTRC 3B
BLS
ERBLS1
ERBLS?
ERBLS3
AFAPL 6
Decalin
Tetralin

TABLE 9 - Fuel Atomization Levels

Fuel Nozzle Mo. 35
Fuel Temperature = 295 + 5K

SMD (um)/Inciuded Cone Angle (deg)

118

41/70
44/70
44/70
45/65
53/75
55/75
56/70
56/75
58/75
60/75
60/70
64/75
£4/80
64/70
65/75
66/70
68/70
69/75
73/75
74/75
74/75
74/7%
83/75
83/75
83/75

Fuel Weight Flow (kg/hr)

133

26/65
25/65
30/65
27/65
35/70
45/70
40/65
41/75
46/70
39/70
47/70
47/75
47/75
48/70
52/70
51/70
47/70
48/75
55/75
55/75
48/75
54/70
55/70
63/70
67/75

162

8/60

7/60
13/60

8/60
21/65
23/65
18/60
14/65
24/65
20/65
19/65
21/70

2/70
26/65
26/65
16/65
20/65
28/70
37/70
22/70
22/70
26/70
22/65
42/65
45/70



TABLE 10 - Fuel Temperature Influence on Atomization

Fuel Nozzle No. 35

~Fuel Fuel Temperature

(K)

Jet A 299
31
328

Tetralin 299
31
328

SMD_(ym)/Included Corie Angle (deq)

Fuel Weight Flow (kg/hr)

118 133 162
60/75 39/170 20/65
53/75 38/70 23/65

31/70
83/75 67/75 45/70
90/80 78/75 49/70

83/80 68/75 45/70

o ————— 1 —
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TARLE 11 - Fuel Nozzle Number Influence on Atomization

Fuel -Nozzle Number

Jet A 35
30
20

Tetralin 35
30
20

Fuel Temperature = 298K

SMD (um)/Included Cone Angle (deg)

Fuel Weight Flow (kg/hr)
83 96 118 133 162

- - 60/75 39/70 20/65
- - 30/70 21/65 -
29/65 15/60 - -

- - - 67/75 45/70
- - - 46/70 26/85
- - - 12/70 -

- e —
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TEBLE 12 - Fuel Nozzle Specification

zzle

)

SMD for
Test Nozzle (um)

39
38
45
41

e = ae e e . e e e e e s - A — o— e e e e o m e em e g - —— — — — —

FAPL 2
G D
JP7
UTRC 9A
JP5
Jet A

UTRC 7A
UTRC 8A
UTRC 2A
DF2
XiB
UTRC 9B
ERBS
UIRC 3B
BLS
ERBLS 1
ERBLS 2
ERBLS 3
AFAPL 6

Decalin
Tetralin

SMD for NN=3% Test No
(um) (NN
26 40
25 40
30 49
27 40
35 35
45 35
40 35
41 35
46 35
39 35
47 32
47 32
47 32
48 32
52 32
51 32
47 32
48 32
55 32
55 32
48 K4
54 32
55 32
63 30
67 30

- . .4 ewn w



TABLE 13 - Airflow Influence on Atomization

Fuel Nozzle Nu. 35

Fuel Temperature = 298K

Fuel Swirler Airflow Differential SMD (um)/Included Ccne Angle (deg)
Pressure Fuel Weight rlow = 135 «g/hr
(kPa)
Jet A N 42/70
4.92 33/55
26.2 4/45
Tetralin 0 67/75
4.92 59/60
26.2 13/45



@

Symbo}

PVAUP
TVAUP
PVATH
TVENT
PHTRER

PFPUMP
TrPUMP
PFINJ
TFINJ

WF

FUEL FLAG

P31
P32
P33
P34
T3?
T32
T33
T34
PLASE i
PCASE 2
PCASE 3

TLO1060

- TL62C60
TL01180

- TL62180
TLO1300

- TLe2300

PRADNZ

TRADNZ
PRADI
PRAD2
TCRAD?
TCRAD2

QDOME?
QDOME2

ORIGINAL PAGE IS5

TABLE 14 - Test Facility Instrumentation OF POOR QUALITY

Measurement
Oevicg Range
P/T 2.7 MPa
1/C Type K
P/T 2.0 MPa
T/C Type T
P/T 1.7 MPa
P/T 5.9 MPa
T/C Type K
P/T 5.9 MPa
T/C Type K
Micromotion --
MV --
P/T 1.7 MPa
P/T 1.7 MP:
P/ 1.7 MPa
P/T 7 Mp:
T/C i,7e K
T/C Type K
7/C Type K
T/C Type K
o/T 1.7 MPa
P/T 1.7 MPa
P/T 1.7 MPa
T°C Type K
o Type K
T/C Type K
P/T 3.4 MPa
T/C TpeT
P/T 1.7 MPa
P/7 1.7 MPa
T/C Type T
T/C Typ~ T
mv --
my --

Description

Air pressure upstream of venturi

Air temperature upstream of venturi
Air pressire at throat of venturi
Venturi body temperature

Air pressure at electrical heater exit

Fuel pressure at pump discharge
Fuel temperature at pump discharge
Fuel pressure in line entering rig
Fuel temperature at nozzle

Fuel mass flow

Indicatcr of fuel valve actuation

BPir pressure at combuster inlet, R = 5.7 cr
Air -essure at combustor inlet, R = 3.8 cr
Air pressure at combustor inlet, R = 1.9 cm
Air pressure at combustor inlet, R = 1.0 cm
Air temperature at combustor inlet, R = 2.5 cr
Air temperature ot combuster inlet, K = 5.0 ¢n
Air temperature at combustor inlet, R = 2.5 c¢r
Air temperature at combustor inlet, R = 5.0 cr

Liner airflow pressure, Z = 9.2 cm
Liner airflow pressure, Z = 20.3 cm
Liner airflow pressure, Z = 31.4 cm

Liner temperature along Oow

(13 total), & = 60 ‘eq
, & = 180 deg
» 6 = 300 deg

Nitrogen prescure upstream of venturi for
transpiration radiometers
Nitrogen temperature upstream of venturi
Nitrogen press' re in radiometer, ¢ = 90 deg
Nitrogen pr-:sure in radiometer, ¢ = 300 deg
Radiometer coolant temperciture, € = 00 deg
Radiometer coolant temperature, 6 = 300 deg
Signal from transpiration rad.ometer, 2 = 90 de-
Signal from transpiration radiomc 2r. - = 300 de

"



(o "

RAD1 mv

RAD?2 mv

RAD3 my
T401-T422 T/C

P4 P/T

PMT1 mv

PMT2 mv

LPOWER mv

TCR1 T/C

TCR2 T/C

TCR3 T/C

TCR4 T/C

TCTC T/C

TCXI T/C
TCSNIN T/C
TCSNEX T/C

FXI P/T

TXI T/C

PSN P/T

UHC FID

RUHC mv

02 Paramagnetic
ROZ mv

NOX Chemiluminescent
RNOX my

co NDIR

RCO mv

co2 NDIR

RCO2 mv

NOTES:

1. P/T =

2. T/C = thermocouple
3. Al

4, Coordinate reference position -

6. Liner temperatlure nomenclature:

ORIGIINAL w.‘:::" "3
OF POOR QUALIIY

Type
Type
Type
Type
Type
Type
Type
Type

1.7 MPa

Type

1.7 MPa

e I I s ey

T

K

TABLE 14

(Continued)
Signal from thermopile radicneter, 7 = 9.2 cr
Signal from thermopile radiometer, Z = 14.8 cr
Signal from thermopile radiometer, Z = 20.3 cr

Gas temperature at combustor exit

Gas pressure at combustor exit

Photomultiplier tube output for scattered
light at 45 deg from forward

Photomultiplier tube output for scattered
light at 135 deg from forward

Laser powermeter output

Coolant exit temperature, ring 1

Coolant exit *temperature, ring 2

Coolant exit temperautre, ring 3

Coolant exit temperature, adapter spool

Coolant exit temperature, T/C rake

Coolant exit temperature, emissions rake

Coolant inlet temperature, smoke probe

Coolant exit temperature, smoke probe

Gaseous sample pressure

Gaseous sample temperature

Smoke samp.e pressure

Signal from UHC analyzer

Signal UHC analyzer range

Signal from 02 analyzer

Signal denoting 02 analyzer range
Signal from NOX analyzer

Signal denoting NOX analyzer range
Signal from CO analyzer

Signal from CO analyzer range
Signal from C02 analyzer range
Signal denoting CO2 analyzer

pressura transducer, strain gauge

P/T readings with range = 1.7 MPa performed with a single precsure scanner

R is the radial coordinate with R = 0 on combustor axial center line

Z is the axial coordinate with Z = 0 at the combustor dome flange

8 is the azimuthal angle about the axial center line (clockwise positive
viewing downstream) with 6 = 0 through the igniter locatica

5. SAE smoke filter samples manually obtained; no interface with data system

TLXXYYZZZ

where XX = Touver number, TT = T/C position, ZZZ = 8

- e ———



Component

THC

co

o,

(4 '

. TABLE 15 - Emissions Analysis Instrumentation
ORIGINAL PAGE I3

CF POOR QUALITY

Range

0-1 ppmv
Intermediate ranges
0-10%

0-2.5 ppmv
Intermediate ranges (6)
0-10,000 ppmv

0-200 ppmv
0-1000 ppmv
0-5000 ppmv
0-2

0-5:

0-15%

0-1<

0-5%

0-10¢

0-25%

Instrument
\ggtection Method

Flame Ionization Detector

Chemiluminescence Detector
TECO Model 10A

Nondispersive Infrared
Beckman Model 865

Nondispersive Infrared
Beckman Model 315

Paramagnetic Analyzer
Scott Model 150

Instrumert

Error

Full

14 i+ 1+ 1+ I+ 4+ 1+

I+ 1+ 1+

(R F SO NS

—_— ) —d

[

Scale

.05

.0~
.0
0%

— e e

-————



TABLE 16 Test Conditions

Condition 1 Condition ¢ Condition 3

Combustor upstream air pressure (MPa) 1.32 1.32 1.32
Combustor upstream air temperature (K) 700 700 700
Combustor total air flow (kg/s) 1.84 1.84 1.84

Combustor ideal exit temperature (K) 1246 1346 1473
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TABLE 17 - Measured or Derived Performance Parameters

Parameter Correction Precision

Type Technique Assessment

Airflow rate M* .- -—-
Fuel flow rate M* - --
Burner entrance average total pressure M* -- --
Burner entrance average total temperature M* -- --
Fuel manifold pressure M IC X
Fuel injector pressure drop C Eqn X
Fuel temperature at injector M -- X
Fuel-air ratio metered C Eqn X
Average combustor exit total temperature M IC X
Average combustor exit static pressure M IC X
Average combustor exit total pressure C Eqn X
Combustor total pressure loss C Egn X
Primary zone flow split * -- --
Primary zone fuel-air ratio C Ean -
Primary zone flame temperature C Egn -
Combustor liner temperature M IC X
Combustor thermal radiation flux M Egn X
Emission indices, CO, UHC, NOx M Cor X
Percent CO7, 07 M IC X
Average SAt Smoke Number M -- X
Combustion efficiency - AT c Egn X
Combustion efficiency - emissions C Eqn X
Combustor reference velocity C Eqn X
Sample-line temperature, pressure M -- --
Burner exit pattern factor C Eqn X
Fuel-air ratio - emissions C Eqn X
Symbols: M - Measured

C - Calculated

Eqn - Corrected values obtained as equation results using corrected

parameter values
IC - Corrected by use of influence coefficients
Cor - Corrected by use of correlation relating derived and measured
parameters
* -

Test parameter
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Combustor Section

Primary zone
Louver 1
Louver 2

Louver 3

TABLE 18 Local Equivalence Ratio

Test Condition

1 2 3

Overall Equivalence Ratio

0.22 0.26 0.32

Local Equivalence Ratio

1.2 1.4 1.7
1.2 1.4 1.7
0.8 1.0 1.2
0.5 0.6 0.7

NOTE: (1) Baseline combustor configuration

(2) Lguivalence ratios are for Jet A

Bl A —
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TABLE 19 Regression Analysis Results

Variable Condition Regression Form
Dome 1 HC]
Radiation 2

3

1 spC!

2

3

C

] H! (100-n)"2

2

3
Liner 1 HC]
Temperature 2
Rise 3

] spC!

2

3

] e (100-n)C2

2

3
Smoke 1 HC]
Number 2

3

1 spl

2

3

1 HC! (100-N)©?

2

3

*These anlyses performed in log plane (i.e., log (radiation)).

Similar quality expected in real plane.

*

R2

0.83
0.87
0.84

.92
91
.92

.87
.92
91

OO0 OO0

.84
.78
.68

.92
.90
.89

.90
.90
.81

OO0 OO0 O oo

.81
.78
.76

.93
.84
.91

.88
.36
.81

OO0 OO0 OO o

-0.47
-0.30
-0.54

-0.20
-0.25
-0.24

-0.62
-0.75
-0.64

w
o

N

O O,

./
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Fig. 3 Generic Gas Turbine Combustor
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b) AIRFLOW SWIRLER

Fig. 4 Fuel Nozzle and Air Swirler
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(a) SAMPLING PROBE

' !
5 ¢m DIA 7 10 (m DIA7/

N4 .

\_.,/ /

—_— \
COMBUSTOR WALL
OPEN CIRCLES SET 1 17 cm BIA

CLOSED CIRCLES CET 2
(b) SAMPIING THUBE LAYOUT

Fig. 6 Primary Airflow Sampling Probe
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APPENDIX - DATA TABLES

This appendix presents data which supplement the discussion of fuel
chemical property influences. A complete tabulation of all data is
contained in the contract Comprehensive Data Report. The following data
are presented in two forms. First, three tables, one for each test
condition, display the normalized combustor parameters obtainred for each
test fuel. Second, as referenced in Section VII, plots of linmer tempera-
ture rise and exhaust smoke number at Condition 2 are presented with fuel
hydrogen, total aromatic, or naphthalene contents or smoke point as

independent variables.
Appendix Tables
1. Normalized Data f£or Testr Cecndition 1
2. Normalized Data for Test Condition 2

3. Normalized Data for Test Condition 3

Appendix Figures

A-1 Dependence of Liner Temperature Rise on Hydrogen Content at
Condition 2

A~-2 Dependence of Liner Temperature Rise on Total Aromatic Content at
Condition 2

A-3 Dependence of Liner Temperature Rise on Naphthalene Content at
Condition 2

A-4 Dependence of Liner Temperature Rise on Smoke Point at Condition 2
A-5 Dependence of Exhaust Smoke Number on Hydrogen Content at Condition 2

A-6 Dependence of Exhaust Smoke Number on Total Aromatic Content at
Condition 2

A-7 Dependence of Exhaust Smoke Number on Naphthalene Content at
Condition 2

A-8 Dependence of Exhaust Smoke Number on Smoke Point at Condition 2

Appendix Symbols

D Characteristic soot particulate diameter (um)
F/A Overall combustor fuel-air ratio (--)
N

Soot particulate number density at combustor exit (cm-3)
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